University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

1987

Physiological and biochemical studies on
Dunaliella
Arun Goyal
University of Wollongong

Recommended Citation
Goyal, Arun, Physiological and biochemical studies on Dunaliella, Doctor of Philosophy thesis, Department of Biology, University of
Wollongong, 1987. http://ro.uow.edu.au/theses/1072

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

PHYSIOLOGICAL AND BIOCHEMICAL STUDIES
ON DUNALIELLA

A Thesis submitted in fulfilment of the requirements for the
award of the degree of

DOCTOR OF PHILOSOPHY

FROM

THE UNIVERSITY OF WOLLONGONG

BY

ARUN GOYAL
B. Sc. (Kumaon) , M. Sc. Plant Physiology (GBPTJA & T)

DEPARTMENT OF BIOLOGY
1987

DECLARATION
The work presented in this thesis, in fulfilment of conditions
governing the award of the degree of Doctor of Philosophy ,
was carried out by m e between June, 1982 and December,
1986, at the Department of Biology, The University of
Wollongong, Wollongong, Australia, and has not been
submitted to any other University or Institution for a higher
degree. Specific co-operative work with others are referred
to in the acknowledgements and in the text where relevant.

AmnGoyal
January, 1987.
Department of Biology
The University of Wollongong
Wollongong, N.S.W.-2500
AUSTRALIA

TABLE OF CONTENTS
Page
ACKNOWLEDGEMENTS
ABBREVIATIONS
ABSTRACT
INTRODUCTION AND AIMS
CHAPTER 1 : REVIEW OF LITERATURE
1.1
1.2

Water Relations of Microorganisms

1.2.1

Bacteria

1.2.2

Yeasts

1.2.3

Fungi

1.2.4

Cyanobacteria

1.2.5

Halophilic algae

1.3
1.4

Compatible Solutes

1.4.1

Definition and terminology

1.4.2

The mechanism of osmoregulation

1.4.3

The "metabolic" mechanism of osmoregulation

1.4.4

The "ionic" mechanism of osmoregulation

1.4.5

Cell membrane permeability of Dunaliella

1.4.6

Lipid composition of the membrane

1.5
1.6
1.7

Taxonomy of Dunaliella

Microbial halotolerance and halophilism

Osmoregulation

Ecology

1
4
5
5
5
6
6
7
8
14
14
15
16
19
21
22
24
25

Morphology, Ultrastructure and General Biology of
Dunaliella

1.8
1.9

Intracellular Pigments

1.9.1

Salt requirement

1.9.2

Composition of growth media

1.9.3

Temperature and light requirements

1.9.4

Synchronised culture of Dunaliella

1.10

Photosynthesis

1.11

Enzymes of Dunaliella

1.12

Glycerol Metabolism

Growth Requirements of Dunaliella

25
27
27
27
28
30
30
31
39
41

CHAPTER 2 : MATERIALS AND M E T H O D S
2.1
Materials

51

2.1.1

Chemicals

51

2.1.2

Enzymes

51

2.1.3
2.1.4

Radioactivity: Radiochemicals
Organisms

52
52

2.1.5
2.1.6

Stock cultures
Growth medium

52
53

2.1.7

Composition of the growth medium

54

2.1.7.1
2.1.7.2

Macronutrients
Micronutrients

54
54

2.2

General Methods

55

2.2.1
2.2.2

Growth conditions, standard inocula and growth measurements 55
Harvesting of the experimental cultures
55

2.2.3

Determination of the cell number

56

2.2.4

Cell volume measurements

56

2.3
2.3.1
2.3.2

Analytical Methods
Chlorophyll estimation
Protein extraction and estimation

56
56
57

2.3.3

Glucose estimation

57

2.3.4
2.3.5

Determination of inorganic phosphate
Glycerol extraction and estimation

57
58

2.3.6

Measurement of net oxygen exchange

59

2.3.6.1

instrumental setup

59

2.3.6.2

Buffer and resuspending medium

59

2.3.6.3

Osmotic stress treatment (salt or dilution stress) and the
measurement of photosynthetic and respiratory net oxygen
exchange (evolution or uptake) rates

60

2.3.6.4

Application of other solute stresses

60

2.3.7

Photosynthetic ^C-carbon dioxide fixation

62

2.3.8
2.3.9

Separation of * ^C-labelled metabolites
Scintillation cocktail and counting

63
63

2.3.10

Measurement and counting of radioactivity

63

2.3.11

Lipid extraction and the quantification of glycerol in the

2.3.11.1

glycerolipids

64

Incorporation of ^ C - into glycerolipids

64

2.3.11.2

Extraction of total lipids

64

2.3.11.3

Hydrolysis of glycerolipids

65

2.3.11.4

Extraction of glycerol from the lipid hydrolysate

2.3.11.5

Separation and assay of glycerol

65

2.4

Methods for the Enzymological Studies

65

2.4.1
2.4.2

Preparation of crude extracts
Enzyme assays

65
66

2.4.2.1

General conditions for the assays

66

2.4.2.2

a-glucan phosphorylase assay

66

2.4.2.3

Amylolytic activity

67

2.4.2.3.1
2.4.2.3.2
2.4.2.4

Total amylolytic activity measured as reducing residues from
the starch breakdown
Amylolytic activity as disappearance of starch
Assay of maltase activity

67
68
69

2.4.2.5

Phosphofructokinase assay

69

2.4.2.6

6-P Gluconate dehydrogenase assay

70

2.4.2.7
2.4.2.8

Glucose-6-P dehydrogenase assay
Glycerol-3-P dehydrogenase assay

71
71

2.4.2.9

Glycerol-3-P phosphatase assay

72

2.4.2.10
2.4.2.11

Glycerol dehydrogenase assay
Measurement of carbonic anhydrase activity

72
73

2.5
2.5.1

Extraction a n d Assay of the Metabolites
Extraction of the metabolites

73
73

2.5.2

Determination of P G A

74

2.5.3

Determination of glycerol-3-Phosphate

74

2.6

Determination of the Internal p H of Dunaliella cells

75

2.7

Measurement of the Buffer Capacity of Dunaliella

75

65

CHAPTER 3 : GROWTH RATE CHARACTERISTICS AND SOME
OTHER PHYSIOLOGICAL DETERMINANTS OF PARENT STRAIN
A N D T H E H L 25/8 M U T A N T O F Dunaliella tertiolecta.
3.1 Introduction 78
3.2

Methods

78

3.3

Results a n d Discussion

79

3.3.1

Growth rate characteristics

79

3.3.2

Other physiological determinants

83

C H A P T E R 4 : CHARACTERISTICS OF C A R B O N I C A N H Y D R A S E
ACTIVITY IN P A R E N T STRAIN A N D T H E H L 25/8 M U T A N T OF
Dunaliella tertiolecta.
Introduction

86
88

4.3

Methods
Results

4.4

Discussion

93

4.1
4.2

CHAPTER 5 :

E F F E C T O F SALT STRESS A N D

88

LIGHT-DARK

TRANSITIONS O N T H E I N T R A C E L L U L A R pH.
5.1 Introduction 101
5.2
Methods

103

5.3

103

Results and Discussion

CHAPTER 6 : THE SIZE AND TURNOVER OF THE GLYCEROL
P O O L IN P A R E N T STRAIN A N D A SALT-SENSITIVE H L 25/8
M U T A N T O F Dunaliella tertiolecta.
6.1 Introduction 108
6.2
6.3

Methods
Results and Discussion

109
109

CHAPTER 7 : THE EFFECT OF SALT AND DILUTION STRESS ON
T H E M E T A B O L I S M OF G L Y C E R O L IN P A R E N T STRAIN A N D T H E
H L 25/8 M U T A N T O F Dunaliella tertiolecta.
7.1 Introduction 117
7.2

Methods

118

7.3

Results

119

7.3.1

Photosynthetic oxygen evolution

7.3.2

Short term changes in photosynthetic ^C-fixation and glycerol
synthesis induced by salt stress

7.3.3

119
120

Short term changes in photosynthetic ^C-fixation and glycerol
synthesis induced by dilution stress

125

7.3.4

Effect of salt stress on glycerol biosynthesis

127

7.3.5

Effect of dilution stress on glycerol metabolism

127

7.3.6
7.4
7.4.1
7.4.2
7.4.3

The l^C-labelling pattern of products of photosynthesis

128

Discussion

129

Photosynthetic oxygen evolution
14
C-fixation, glycerol biosynthesis and dissimilation
l^C-labelling pattern of products of photosynthesis

129
131
134

CHAPTER 8 : THE MECHANISM OF INDUCTION OF STARCH
DEGRADATION BY SALT STRESS IN Dunaliella tertiolecta.
8.1
8.2

Introduction
Methods

135
137

8.3

Results

137

8.3.1
8.3.2

Phosphorolysis of starch
Hydrolysis of starch
Phosphofructokinase

137
138
141

8.3.3
8.3.4
8.3.5
8.3.6
8.4

T w o selected enzymes of oxidative pentose phosphate pathway 141
Enzymes of glycerol synthesis
141
Salt and light induced changes of the stromal environment
145
Discussion
149

8.4.1

The enzymes of starch degradation

149

8.4.2

The enzymes of glycerol synthesis

8.4.3
8.4.4

Salt-induced alkalization
Summary

153
154

GENERAL CONCLUSIONS

154
155

General Physiology

155

On the Mechanism of Glycerol Metabolism

156

APPENDIX-A : THE EFFECT OF SALT AND DILUTION STRESS ON
THE INTRACELLULAR LEVELS OF PYRIDINE NUCLEOTIDES IN
Dunaliella tertiolecta.
A.l Introduction 159
A.2

Methods

161

A.2.1

Extraction and assay for nicotinamide adenine dinucleotides

161

(pyridine nucleotides)
A.2.1.1

Experimental conditions, application of osmotic stress
and sampling procedure

161

A.2.1.2

Extraction of nicotinamide adenine dinucleotides

161

(pyridine nucleotides)
A.2.1.3

Cycling assay for pyridine nucleotides

162

A.3

Results and Discussion

164

A.4

On the Regulation of Glycerol Metabolism

171

REFERENCES 176
SUPPLEMENT-A : LIST OF PUBLICATIONS
(A)

Publications on Dunaliella

(B)

Other Publications

ACKNOWLEDGEMENTS

It is m y pleasure to express m y gratitude and sincere thanks to m y
academic supervisors, Prof. A.D. B r o w n and Dr. Ross M c C . Lilley for all they
have done for m e in the past few years. I a m grateful for their interest,
encouragement, advice, and their ever-ready assistance in all matters related to m y
Ph.D. project. Professor Brown's and Dr. Lilley's enthusiam and wide knowledge
of biochemical osmoregulation and photosynthetic metabolism have been an
inspiration, and I have benefitted greatly from working with them. This valuable
experience will certainly remain with m e in future.
I a m also thankful to Prof. Hartmut Gimmler (Wurzburg, Germany) with
w h o m I collaborated for the work described in chapters 5 and 8. I would like to
thank, all the members of Biology Department for their co-operation and friendship
during m y stay in Wollongong. Special thanks to M s . A n n Lee for her extraordinary
support and arranging day to day laboratory facilities, chemicals etc., M r . Neil
Dawson for helping m e in the computer programming. Thanks are also due to M s .
Linda Deitch for offering m e a helping hand in some short-term experiments, Mrs.
Therese Marengo for fruitful discussions, Dr. David Murray for helpful discussions
and bringing m a n y research papers to m y attention, and to all co-researchers in m y
laboratory for their co-operation.
I express m y heartful thanks to m y wife Archana, w h o has willingly
suffered inconveniences large and small, and to A m i t w h o has done so
unknowingly. I a m indebted to m y parents and parents-in-law for their continued
inspiration and blessings during the course of this study.
I a m very grateful to The University of Wollongong for offering m e the
University Post Graduate Research Award to enable m e to carryout this piece of
research work.
Finally I wish to dedicate this thesis to m y wife Archana, without whose
encouragement and understanding this study would not have completed.

JANUARY, 1987.

ARUNGOYAL

LIST OF ABBREVIATIONS
ABA
ADP
ADH
Ala
AMP
Asp
ATP

Absicic acid

Bicine

N , N-bis (2-0-hydroxyethyl) glycine

BSA
CA
CHES
Chi

Bovine serum albumin

Chlorophyll

q

Inorganic carbon

DBMIB
D CM U
DHA
DHA-kinase
DHAP
DIC
DMO
DNA
DNP
DNS
DTT

2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone

Adenosine diphosphate
Alcohol dehydrogenase
Alanine
Adenosine monophosphate
Aspartate
Adenosine triphosphate

Carbonic anhydrase
(2[N-morpholino] ethane sulfonic acid)

3-(3,4-dichlorophenyl)-l, 1-dimethyl urea
Dihydroxyacetone
Dihydroxyacetone kinase
Dihydroxyacetone phosphate
Dissolved inorganic carbon
5,5-dimethyl-[2-1 4 C ] oxazolidine-2,4-dione
Deoxyribonucleic acid
Dinitro phenol
3,5-dinitrosalicylic acid
Dithiothreitol

e.s.r

Electron spin resonance

EDTA

Ethylenediamine tetraacetate

FCCP

Carbonylamide,

P-trifluoro-methoxy

hydrazone
Fr-6-P

Fructose-6-phosphate

Fr-1,6-P2

Fructose-1,6-bis-phosphate

GAP

Glyceraldehyde-3-phosphate

Glu

Glutamate

Glu-l-P

Glucose-1 -phosphate

Glu-6-P

Glucose-6-phosphate

phenyl

Glu-6-P D H

Glucose-6-phosphate dehydrogenase

Glu 1,6-P2

Glucose-1,6-bis-phosphate

Gly

Glycine

Gly-3-P

Glycerol-3-phosphate

Gly-3-P D H

Glycerol-3-phosphate dehydrogenase

Gly-3-P Phosphatse

Glycerol-3-phosphate phosphatase

Glyco

Glycolate

HEPES

(N-2-hydroxyethyl piperazine-N-2-ethane sulfonic
acid)

IF

Isofloridoside

IF-P

Isofloridoside phosphate

Ki

Inhibitor constant

K

Michaelis constant

m
LDH
MES
MTT

Lactate dehydrogenase
(2[N-morphoUno] ethane sulfonic acid)
(3- [4,5-dimethylthiazol-2-yl] -2,5-diphenyltetrazolium
bromide)

Mutant
NAD
NAD-kinase

H L 25/8 mutant of Dunaliella tertiolecta

NADH
NADP
NADPH
N.M.R
OPP
PCA
PCV
PEG
PEP
PEP-kinase
PES

Reduced nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide
Nicotinamide adenine dinucleotide kinase

Nicotinamide adenine dinucleotide phosphate
Reduced nicotinamide adenine dinucleotide phosphate
Nuclear magnetic resonance
Oxidative pentose phosphate pathway
Perchloric acid
Packed cell volume
Polyethylene glycol
Phosphoenol pyruvate
Phosphoenol pyruvate kinase
Phenazine ethosulfate , (N-ethyldibenzopyrazine ethyl
sulfate salt)

PFK
3-PGA
6-PGluco DH

Phosphofructokinase
3-phosphoglyceric acid
6-Phosphogluconate dehydrogenase

Phosphoglucomutase

Pi

Inorganic phosphate (orthophosphate)

ppi

Pyrophospahte

PS

Parent strain

PSOE

Photosynthetic oxygen evolution

RNA

Ribonucleic acid

m-RNA

Messenger R N A

Rubisco
RuBP

Ribulose 1,5-bis phosphate carboxylase-oxygenase

Ru^P-kinase

Ribulose ;*§.. phospahe kinase

Ser

Serine

Sugar-P
TCA

Sugar phosphates
Tricarboxylic acid cycle

TEA

Triethanolamine

TES

(N-tris[Hdroxymethyl] methyl-2-amino ethane

Ribulose bis phosphate

sulfonic acid)

TIM

Triose phosphate isomerase

Triose-P D H
TRICINE

Triose phosphate dehydrogenase

Tris

Tris (hydromethyl) aminomethane

(N-tris[Hydroxymethyl] methyl glycine)

ABSTRACT
The growth characteristics of the parent strain and salt-sensitive H L 25/8
mutant of Dunaliella tertiolecta have shown that the mutant is sensitive to salt
concentrations in a range (0.17 to 1.0 M NaCl) in which the parent strain is able to
grow. The mutant grew in 0.17 M N a C l at about half the rate of the parent strain. The
optimum growth temperature of the parent strain increased with salinity but did not do
so in the mutant, and gassing of the culture with 5 % mixture of C 0
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in air extended

the duration of exponential growth rate of both strains.
The mutant had lower carbonic anhydrase activity than the parent strain. It is
suggested that this reduced carbonic anhydrase activity affects carbon transport and
assimilation in a w a y that largely, if not wholly, diminishes the salt tolerance of the
mutant. In both light and dark conditions, salt stress caused alkalization of the
intracellular p H . T h e mutant had about half the photosynthetic activity (^C-fixation
and photosynthetic oxygen evolution) of the parent strain, which increased with
salinity in the parent strain but gradually decreased in the mutant. T h e results also
suggest that the mutant had a higher photorespiratory activity than the parent strain.
The glycerol pool in Dunaliella has a turnover rate that is low in comparison
to the Benson-Calvin cycle, therefore an osmoregulatory response to salt stress would
require an accelerated glycerol synthesis. It is suggested that the synthesis and
dissimilation of glycerol does not in any w a y constitute a metabolic cycle comparable
to the established cycles such as the Krebs and Benson-Calvin cycles.

Dunaliella tertiolecta has a limited capacity of salt-induced photosynthetic
oxygen evolution. Photosynthetic C02-fixation is stimulated by mild to moderate salt
stress (0.17 to 0.7 M NaCl) but inhibited at severe stresses. T h e results show that
increasing magnitude of salt stress leads to a preferential incorporation of
photosynthetically fixed carbon into glycerol. During a salt stress, both
photosynthesis and starch breakdown contribute carbon to the glycerol synthesis. The
relative contribution of these two processes depends on the magnitude of salt stress.
During a dilution stress glycerol does not leak into the medium, but it is dissmilated
biochemically. During a salt stress the glycerol synthetic pathway is stimulated and the
glycerol dissimilation pathway is suppressed, conversely, during a dilution stress
glycerol dissimilation pathway is stimulated and glycerol synthetic pathway is
suppressed.

T h e regulation of salt-induced conversion of starch to glycerol was
investigated by examining the properties of some key enzymes of phosphorolysis,
amylolysis, the oxidative pentose phosphate pathway, and glycerol synthesis as well
as by following the changes in the concentrations of s o m e metabolites. Phosphate
concentrations which normally occur in vivo in the dark or after a salt stress, stimulate
phosphorylase activity. Phospofructokinase is sensitive to D T T , whereas amylase
activity requires thiol reagents for its maximal activity. Enzymes of both hydrolytic and
phosphorolytic starch degradation are resistant to NaCl, whereas phosphofructokinase
or enzymes involved in the oxidative pentose phosphate pathway or the enzymes of
glycerol synthetic pathway are not. Both in the light and dark, concentrations of Pj,
P G A , and glycerol-3-P increased upon a salt stress. It is suggested that the oxidative
pentose phosphate pathway is switched on during a salt stress in the light.
Based on the enzymic activities of Dunaliella, other results of this thesis and
the results of previous studies by other authors, possible pathways for the synthesis
and dissimilation of glycerol during salt and dilution stress are proposed.

INTRODUCTION AND AIMS

INTRODUCTION AND AIMS
Microorganisms which can thrive at low levels of water availability do so at
least partly by accumulating a "compatible solute". A compatible solute functions
partly by contributing to the osmotic status of the cell, and by protecting enzymes
against inactivation which would otherwise occur at low levels of water availability
(Brown and Simpson 1972). In halophilic bacteria the compatible solute is K + (and
K C 1 ) (Aitken and B r o w n 1972), in the sugar-tolerant (the so-called "osmophilic")
yeasts the compatible solute is a polyhydric alcohol, usually arabitol or glycerol
(Brown 1978), in halophilic algae Dunaliella it is glycerol (Borowitzka and B r o w n
1974).
Plants osmoregulate by complex interactions of regulatory mechanisms at all
levels of organization; organs, tissues and cells, but these interactions are poorly
understood (Hellebust 1976). In comparison to land plants, aquatic algae offer m a n y
advantages for the study of osmoregulation.
(1) The organisms are far less differentiated than higher plants, and therefore
osmoregulation occurs predominantly at the cellular level.
(2)

The water potential of the agal cell environment is relatively constant, in
contrast to the cells of higher plants.

The genus Dunaliella of Division Chlorophyta is a marine unicellular
biflagellate green alga, which is morphologically similar to Chlamydomonas

, but

lacks arigidcell wall (Hoshaw and Maluf 1981). Dunaliella spp. are cosmopolitan in
distribution and are found in widely differing habitats ranging from almost fresh water
to saturated NaCl solutions (Brock 1975).
Dunaliella spp. have attracted attention over the last fifteen years because of
their distinctive ability to tolerate very high concentrations of sodium chloride and
their adaptability to changing salinity (from 0.05 M to saturation), their resistance to
osmotic shock, their ability to retain glycerol against steep concentration gradients,
and the ability of some species to produce large quantities of (3-carotene (a product of
economic importance).
"Osmoregulation" in Dunaliella depends on controlling the content of at
least one major solute (glycerol) within the cells. At high concentrations, glycerol
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also functions as a compatible solute, and osmoregulatory control of glycerol content
is achieved purely biochemically involving a two-step synthesis and dissimilation to
and from dihydroxyacetone phosphate. W i t h the possible exception of
Poterioochromonas

(Kauss 1983) there is no organism with a purely biochemical

osmoregulatory mechanism, in which the primary regulatory site and controlling
mechanisms have been identified.

At the time of initiation of this project, there were several major unanswered
questions about the physiology and biochemistry of salinity adaptation and glycerol
metabolism of Dunaliella. S o m e of these questions are as follow :
(1) By what mechanism is glycerol retained within the cells?
(2)

B y what mechanism does the concentration of extracellular N a C l regulate
the intracellular synthesis of glycerol ?

(3)

W h e r e is the site of glycerol production, the chloroplast or the cytosol ?

(4)

T o what extent do photosynthesis and the products of starch breakdown
contribute to glycerol production on a salt stress ?

(5)

Following an osmotic stress, does the intracellular p H change ?

(6)

W h a t happens to the intracellular concentrations and quotients of energylinked metabolites, namely, adenine and pyridine nucleotides on salt and
dilution stress ?

(7)

W h a t is the nature of the signal(s) responsible for stimulating glycerol
synthesis and accumulation on salt stress and glycerol dissimlation on
dilution stress ?

The general objective of this project was to study aspects of the physiology
and biochemistry of Dunaliella tertiolecta with particular reference to its salinity
tolerance, its adaptation to change in salinity and its osmoregulatory mechanism. The
following specific aims were persued :

(1) to identify some physiological and biological determinants of the parent
strain and the salt-sensitive mutant H L 25/8 of Dunaliella tertiolecta.
(2)

T o determine the effects of salinity and other growth conditions on the
carbonic anhydrase activity of the parent strain and the H L 25/8 mutant.

(3)

T o identify the physiological and biochemical differences in the parent strain
and the H L 25/8 mutant.

(4)

T o determine the changes in the cytoplasmic (intracellular) p H in response
to a salt stress in the parent strain of D .tertiolecta.
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(5)

T o determine the size and turnover rate of the glycerol pool in the parent
strain and the H L 25/8 mutant.

(6)

T o determine the effects of salt and dilution stress on photosynthesis and
glycerol metabolism in the parent strain and the H L 25/8 mutant.

(7)

T o determine the contribution of starch breakdown and photosynthesis
(C02-fixation) to glycerol production in response to salt stresses of various
magnitudes.

(8)

T o study the properties of some of the key enzymes involved in the glycerol
metabolism of Dunaliella, and their possible role in the salt-induced
degradation of strach.

(9)

T o determine the changes in the intracellular concentration of some of the
key metabolites which are possibly involved in the regulation of glycerol
metabolism of Dunaliella.

In addition to the above mentioned aims, an additional study was also
undertaken w h e n the author of this thesis w a s employed on an A R G S project on
"Osmoregulation in halotolerant algae", namely, determination of the intracellular
concentration of reduced and oxidised forms of pyridine nucleotide coenzymes in light
and dark, and the effects of salt and dilution stress on the pyridine nucleotide levels
and reduced/oxidised quotients.

CHAPTER 1
REVIEW OF LITERATURE

REVIEW OF

LITERATURE

1.1 : Microbial Halotolerance and Halophilism :
Tolerance is usually defined as the ability of an organism to grow, multiply
or reproduce; not merely to survive under the specified conditions. Hoff and Fremy
(1933) originally used a broader definition of halotolerance and included in it
organisms lacking the ability to grow on high salt concentrations but having the
capability to survive beyond the upper limits of salt concentrations that permit growth.
Halotolerance is the ability to tolerate relatively high concentrations of sodium chloride
in the environment (Brown 1976). There are halotolerant species of-animals, plants,
protozoa, algae, fungi, cyanobacteria and bacteria. Table 1.1 and 1.2 shows the
ability of halophilic organisms of simple morphology to be more tolerant of low water
activity than complex multicelled organisms. Prokaryotic examples include the
bacterium Halobacterium salinarium, and cyanobacteria Aphanothece halophytica.
Eukaryotic examples include the algae Dunaliella viridis (Borowitzka and B r o w n
1974) and certain yeasts such as Debaryomyces hansenii (Brown 1976).
In spite of a tendency of NaCl to diffuse into cells along a concentration
gradient, organisms maintain their halotolerance or halophilism by two main
mechanisms, by active removal of NaCl and by accumulating some compatible solute
in the cells. B r o w n (1976, 1978) suggested that two mechanisms could account for
tolerance to low water activity.
1. Tolerant organisms contain proteins which are fundamentally and generally
different from the corresponding proteins of non-tolerant organisms. Because of the
difference in protein chemistry tolerant organisms are better able to cope with
conditions of low water activity (e. g., halophilic bacteria, Halobacterium).

2. At low levels of water activity the cell contents (interior) are (is) modified so
enzymes can function under an otherwise inhibitory condition (e.g., cells accumulate
compatible solutes). The proteins are basically the same in tolerant and non-tolerant
organisms; that are otherwise similar (e.g., xerophilic moulds, sugar tolerant yeasts
and halophilic algae).
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The first of these two mechanisms can partially explain a requirement for
low water activity, while second can only explain tolerance to low water activity.
Microbial halophilism has been thoroughly reviewed (Kushner 1978; Hellebust 1976;
Brown and Edgely 1980).
1.2 : W7ater Relations of Microorganisms :
1.2.1 : Bacteria :
The halophilic bacteria constitute two main genera, Halobacterium and
Halococcus. Both genera have a minimum requirement for growth of about 2.5 M
NaCl and can grow in saturated solutions of NaCl (Larsen 1967,1973; Brown 1976).
Halobacterium and Halococcus grow optimally at NaCl concentrations between 4 M
to 5 M and 3.5 M to 4.5 M , respectively, and have a relatively high M g + +
requirement. Kushner (1978) has proposed a scheme to distinguish the halophiles,
based on their salt requirements for growth and classified them into moderate (0.5 to
2.5 M salt) such as Micrococcus, Vibrio, Pseudomonas

sp. (Kushner 1978); border

line extreme halophiles (1.5 to 4.0 M salt) such as Actinopolyspora halophila
(Gochnauer et al. 1975), photosynthetic purple sulphur bacteria Ectothiorhodospira
halochloris (Imhoff and Triiper 1977) and extreme halophiles (2.5 to 5.2 M salt). The
extremely halophilic bacteria are heterotrophic, aerobic and usually highly pigmented
either red or pink and are of two types; the Halobacterium (gram negative rods which
lack a conventional bacterial wall) and Halococcus (gram positive with a thick wall)
(Brown and C h o 1970). The membranes of Halobacterium

have highly acidic

proteins containing aspartic acid and glutamic acid which provide a source of negative
charge. B r o w n (1963) suggested that these negative charges are neutralized by
extracellular N a + , thus providing a function for N a + in membrane stability.
1.2.2 : Yeasts :
Several genera of yeasts have been identified as tolerant of low water
activity. Onishi (1963) and Brown (1976, 1978) have listed Saccharomyces rouxii,
and Saccharomyces

mellis as the main sugar tolerant species; and species of

Saccharomyces, Debaryomyces, Hansenula, Pichia, Torulopsis, Brettanomyces and
Candida as moderately salt tolerant.
Besides sugars most "xerotolerant" yeasts (although Anand and Brown
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(1968) used the term "sugar tolerant'^ >». it was redesignated as "xerotolerant" by
Brown, 1976) could tolerate high concentrations of other solutes (e.g., salts and
P E G ) . There is evidence that xerotolerant yeast loses capacity to grow at high sugar
concentrations by prolonged cultivation on conventional (high a w ) media, but the
tolerance can be gained by training through a series of upward sugar (salt)
concentrations (Ingram 1957; Scarr 1951; Onishi 1960). Non-tolerant yeast could
also be trained to grow and tolerate higher sugar (salt) concentrations (Edgley 1979).
1.2.3 : Fungi :
"Xerophilic" fungi as the term applies, can grow below aw 0.85 (Pitt 1975)
or a w 0.80 (Hieintzeler 1939). Penicillium chrysogenum

T h o m , a facultative

xerophile and Chrysosporiumfastidium Pitt, an obligate xerophilic species, shows
xerotolerance to a considerable degree (Luard 1982). Penicillium ochro-chloron also
shows some degree of salt tolerance and osmoregulates predominantly with glycerol,
although it also accumulates erythritol, arabitol, mannitol, sorbitol and trehalose
(Gadd et al. 1984).
1.2.4 : Cyanobacteria :
Accumulation of organic compounds as osmoregulatory solutes in
cyanobacteria was demonstrated by Borowitzka et al. (1980) and Norton et al. (1982).
Subsequently Borowitzka's group confirmed that cyanobacteria from all habitats and
taxonomic groups accumulate osmoregulatory solutes. Mackay et al. (1983) examined
twenty eight strains of cyanobacteria and classified the strains into three groups; fresh
water, marine and salt tolerant. The fresh water strains accumulate simple saccharides,
predominantly sucrose or trehalose, marine strains accumulate the heterosides
0-oe-D-glucopyranosyl-(l—>2)-glycerol and hypersaline strains accumulate sucrose
and/or trehalose together with glycine betaine or L-glutamate betaine
(N-trimethyl-L-glutamate) (Mackayetal. 1984).
There are some other examples of cyanobacteria which are halophiles, such
as Coccochloris

elabens

could tolerate 4.2 M NaCl (Kao et al. 1973) and

Aphanothece halophytica, which require more than 0.6 M NaCl for growth and can
tolerate saturated NaCl levels (Brock 1976).
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1.2.5 : Halophilic Algae :
The algal species that show some degree of salt tolerance are commonly
grouped as halophilic algae (Brown 1976). The marine intertidal red algae Porphyra
perforata and Iridophycus flaccidum accumulate floridoside and isofloridoside
(a-galactosyl-1—>1- glycerol) during a salt stress and these compounds compensate
for salt stress (Kauss 1967 b, 1968). The giant-celled alga Griffithsia monilis
accumulates digeneaside and hexosephosphates (Kirst 1981). In the fresh water
chrysomonad golden brown alga Ochromonas

malhamensis osmotic regulation is

mainly mediated by the formation and degradation of isofloridoside, and the increase
in the concentration of isofloridoside is not only caused by a salt stress with NaCl but
the alga also respond similarly with KC1, glucose, sucrose, mannitol and P E G (Kauss
1967, 1969, 1973, 1979). It has also been suggested that changes in the cytoplasmic
p H could be a controlling signal for isofloridoside production in Ochromonas. O n a
dilution stress, isofloridoside-phosphate concentration first increased, then decreased.
Kauss (1979) suggested the possibility of two-stepped control, first at the transfer of
galactose

to glycerol-3-P

and

second

at the dephosphorylation

of

isofloridoside-phosphate. At the same time pool size of free glycerol rapidly increased
ten fold, whereas the pool of free galactose changed to a far smaller extent (Kauss et
al. 1978). Kauss et al. (1978) postulated the possibility of the transgalactosidase or an
cc-galactosidase in co-operation with an unusually potent galactokinase.
Among the other members (genera) of chlorophyceae, two genera of green
flagellate algae, Chlamydomonas
Both Chlamydomonas

and Dunaliella include m a n y salt tolerant species.

and Dunaliella belongs to phylum Chlorophyta, order

Volvocales, suborder Chlamydomonadineae and family Polyjlepharidaceae. The only
apparent difference between Chlamydomonas

and Dunaliella is the presence of a

cell wall in former but not in the later (Butcher 1959). S o m e halotolerant strains of
Chlamydomonas

are known, which requires at least 0.34 M

NaCl (Okamoto and

Suzuki 1964; Y a m a m o t o and Okamoto 1967, 1968). Species of green wall-less alga
Dunaliella are salt tolerant and are found in a broad range of salinities ranging from
fresh water to salt saturation. Dunaliella osmoregulates with glycerol, which is the
major intracellular solute. The taxonomy, ecology, physiology and biochemical
aspects of Dunaliella are reviewed in detail in later sections.
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1.3 : Compatible Solutes :
Organisms capable of growth at very low water activity accumulate high
intracellular levels of at least one intracellular solute. The solute m a y be inorganic
ions, one or a variety of polyhydric alcohals (as in the xerophilic moulds,
sugar-tolerant yeasts and the salt tolerant algae) or to a lesser extent betaine and
proline. S o m e of these solutes function as compatible solutes.
Aitken and Brown (1972) and Brown and Simpson (1972) proposed the
term "Compatible solute" ; a compatible solute is a low molecular weight solute
which accumulates to a high intracellular concentration, and protects enzymes of the
cells against both inactivation and inhibition. However, potassium (in halophilic
bacteria) and glycerol (in yeast and Dunaliella algae) have been identified as true
compatible solutes, while other solutes (e.g., arabitol) appears to function as a
secondary or "backup " compatible solutes (Brown 1978 a).
"*$%, only inorganic salt or ion so far identified as a compatible solute is K+
(or KC1) where its role is conspicuous in t S Halobacterium (Larsen 1969). Aitken et
al. (1970) and Aitken and B r o w n (1972) showed that K C 1 at high concentrations
acted as a relatively simple linear non-competitive inhibitor, whereas NaCl produced a
non-linear complex pattern of inhibition of NADP + -specific isocitrate dehydrogenase
in Halobacterium salinarium The higher concentrations of K+effectively stabilize the
native active protein conformation by tending to salt them out of solution (Borowitzka
1981). B r o w n (1976) suggested that the compatibility of K C 1 might be due to the
limited disturbance caused by it to bound water.
Besides often being little inhibitory effects on enzyme activities, organic
compatible solutes have properties which make them efficient osmoregulators; such as
low molecular weight, high solubility in the intracellular matrix, and are usually
uncharged at physiological pH. For example proline is m u c h more soluble than other
amino acids (Brown and Hellebust 1977). Similarly glycine betaine has also a high
solubility (Seidell 1944). Besides this both proline and glycine betaine have no net
charge at physiological p H and contain no aliphatic chain, hence they have very little
affinity for the macromolecules and in addition to that their effect on water structure is
very small (Schobert 1977).
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Glycerol is a poor inhibitor of iso-citrate dehydrogenase in Saccharomyces'
rouxii (Simpson 1976), glycerol dehydrogenase and glucose-P-dehydrogenase in
Dunaliella tertiolecta a n d D . viridis (Borowitzka and B r o w n

1974), glycerol-P

dehydrogenase inD. tertiolecta (Marengo etal. 1985)^Rubisco, lactate dehydrogenase
and PEP-carboxylase in D. parva (Ben-Amotz 1975).
Schobert (1977) proposed that, when water activity is decreased, polyols
and nitrogen-containing zwitterions, such as proline and glycine betaine prevent
changes in macromolecular conformation which depend to a large extent on the water
structure or on the form of water. The decreasing "bound water" availability is likely to
disrupt proteins structure, under such conditions polyols contribute to preserve the
structure of protein and so the conformation of the macromolecule.
Furthermore, Brown (1978) has proposed that a compatible solute has a
greatly reduced affinity for proteins compared with water and small molecular weight
polyols will protect the protein better than the large molecular weight polyols. Brown
(1976) has also argued that organic solutes might affect enzyme activities by changing
the viscosity, p H , ionic strength, dielectric constant of a solution by changing water
"structure" or by directly reacting with the protein molecule in any of several possible
ways. Recently, Borowitzka (1981) proposed the requirements for the compatibility in
osmoregulatory solutes, which are as follows :
1. Requirements for effective function at low water availability :
(i) They must be very soluble, hence low molecular weight is preferred over high
molecular weight
(ii) They must carry no net charge at neutral pH (polyols, proline, betaine and the
combination of potassium salts of malate and oxalate). The only exception is K + in
Halobacterium.
(iii) They must be retained by the cell's plasma membrane against a large
concentration gradient.
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2.

Requirements for minimal alteration of e n z y m e structure and:

inhibition of function :

(i) They should cause minimal alteration to water structure (glycerol and betaine a
better than K + ) .

(ii) When they alter water structure, they should do so in a way that stabilizes the
native active enzyme conformation.

(iii) If they interact directly with the enzyme macromolecule, it is with a low bin
affinity and it should tend to stabilize the native, active structure.
3. Biochemical requirements for rapid, fine control by the cell over its
compatible solute levels :
(i) For organic solutes they should be separated by several enzyme reaction steps
from an intermediate in a major active biochemical pathway. The several steps from the
pathway should lead only to the osmoregulatory solutes and be finally controlled
possibly through activation or inhibition of allosteric enzymes.

(ii) In the case of inorganic solutes (primarily K+' CI") there must be close metabo
regulation of transport into the cells.

Tables 1.1 and 1.2 summarize the examples of major water activity regulating solute
accumulated by different organisms.
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Table 1.1 : Osmoregulatory Solutes of Prokaryotes
Organism

M i n i m u m Approx. a ;
w
(for growth)

Major Osmoregulatory
Solute

Reference

Non-marine bacteria

(D

Pseudomonas aeruginosa

0.97

Glutamate

Salmonella oranienburg
Clostridium sporogenes

0.95
0.94

Streptococcus faecalis
Bacillus subtilis

0.94
0.90

Glutamate+Proline
(1)
Glutamate+ProUne+aminobutyric
acid
(1)
ProUne+aminobutyric acid
(1)
Proline
(1)

0.95
0.95
0.95
0.95

Proline+Glutamate
Proline+Glutamate
Glutamate+Glutamine
Glutamate+Threonine

(2)
(2)
(2)
(3)

0.75

K+

(4)

0.98
0.98

Sucrose+Trehalose
Sucrose

(5)
(5)

Synechoccus sp.

0.92

cc-Galactosyl glycerol

(6)

Members of 7 other genera

0.92

ct-Galactosyl glycerol

(5)

0.75
0.91

"Free amino acid"+KCl
Betaine+Trehalose+Glucose
and some amino acids

(7)

Marine bacteria
marine pseudomonad Plj
marine pseudomonad S W 4
marine pseudomonad M U 3
Beneckea harveyi
Halophilic bacteria
Holobacterium salinariwn

Cyanobacteria (Blue-green algae)
Fresh water isolates :
Gloeocapsa sp.
Anabaena cylindrica
M a r i n e isolates :

Salt isolates :
Aphanothece halophytica
Plectonema tomasinianum

(5)

1. Gould and Measures (1977); 2. Stanley and B r o w n (1976); 3. M a k e m s o n and
Hastings (1979); 4. Christian and Waltho (1962); 5. Mackay et al. (1982);
6. Borowitzka et al. (1980); 7. Tindall et al. (1977)
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Table 1.2 : Osmoregulatory Solutes of Eukaryotes:
Organism

M i n i m u m Approx. av Major Osmoregulatory
Solute
(for growth)

Reference

Unicells
Unicellular algae:

(D

0.96
0.96
0.75
0.95

Mannitol
Mannitol
cc-Galactosyl glycerol
(Isofloridoside)
Sorbitol+Proline
Proline
Proline
Proline
Proline
proline > glycine >taurine >
threonine > glutamate >
alanine >
Proline
Cyclohexanetetrol
Glycerol
Glycerol

0.83
0.83
0.60
0.83
0.83
0.83

Glycerol
Arabitol and/or glycerol
Arabitol and/or glycerol
Mannitol
Arabitol+Glycerol+Mannitol
Erythritol+Glycerol

(13)
(14)
(14)
(15)
(16)
(17)

Tetrahymena pyriformis
Miamiensis avidus

0.99
0.96

"Free amino acids".
(18)
"Free amino acids",in particular
Alanine,glycine and proline
(19)

Multicelled :
Multicelled algae :
Fucus vesiculosus

0.96

Fucus vesiculosus
Fucus serratus
Porphyra perforata
Iridophycusflaccidum
Griffithsia monilis

0.96
0.96
0.96
0.96
0.98

Methionine, valine, proline
and tryptophan
Mannitol +C1"
Mannitol +C1"
Floridoside+isofloridoside
Floridoside+isofloridoside
digeneaside

Platymonas suecica
Platymonas subcordiformis
Ochromonas malhamensis

0.96
0.96
0.96

Stichococcus bacillaris
Cyclotella cryptica
Cyclotella meneghiniana
Navicula sp.
M
Phaeodactylum triconjywn
Porphyridium purpureum

0.96
0.96
0.96
0.96
0.96
0.96

Chlorella salina
Monochrysis lutheri
Dunaliella viridis
Dunaliella tertiolecta

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(H)
(12)
(12)

Yeasts :
Debarymyces hansenii
Saccharomyces rouxii (salt)
Saccharomyces rouxii (sugars)
Unidentified " Y O "
Unidentified " Y E "
Saccharomyces acidifaciens
(and others)
Protozoa :

(20)

8B
(22)
(22)
(22a, b)
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Organism

Minimum Approx. a..> Major Osmoregulatory
(for growth)
^
Solute

Reference

Vascular plants :
Triglochin maritima
Barley
Sueda monoica
M a n y halophytes

0.96
0.96
0.96
0.96

proline
Proline
Betaine+Proline
Betaine+Proline

(23)
(24)
(25)
(25)

7 invertebrates including
annelids, shrimp & crayfish

0.96

"Free amino acids"

(26)

Modiolus demissus demissus
(Mollusc)

0.96

Myaarenariq^

0.96

Fish(Marine)
Elasmobranch
Holocephalans
Coelocanth

0.96]
0.96]
0.96]
0.96]

"Free amino acids";i alanine,
glycine,taurine & short-term
proline peak
(27)
"Free amino acids" including
alanine and glycine
(28,29)
Urea+Methylamine compounds
largely trimemylamine oxide but
also betaine,sarcosine,J3-alanine
and taurine
(30)

Invertebrates find 1/e^VebifaAes

1. Hellebust (1976); 2. Kirst (1975); 3. Kauss (1973) ; 4. Brown and Hellebust (1978)
5. Liu and Hellebust (1976 a,1976 b,1976 c); 6. schobert (1974); 7. Borowitzka
(unpublished results); 8. Schobert (1979); 9. Gilles and Pequeux (1977); 10. Kirst
(1977); 11. Craigie (1969); 12. Borowitzka and Brown (1974); 13. Gustafsson and
Norkans (1976); 14. Edgley and Brown (1978); 15. Brown and Simpson (1972);
16. Anand and Brown (1968); 17. Spencer (1968); 18. Stoner and D u n h a m (1970);
19. Kaneshiro et al. (1969); 20. Perlyuk et al. (1974); 21. M u n d a and Kremer (1977); 22.
Kauss (1969); 22 a. Bisson and Kirst (1979); 22 b. Kirst (1981); 23. Stewart and Lee
(1974); 24. Singh et al. (1973); 25. W y n Jones et al. (1976); 26. Wilbrandt (1963); 27.
Baginski and Pierce (1975); 28. Virkar and W e b b (1970); 29, D u Paul and W e b b (1970);
30. Yancey and Somero (1979)
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1.4 : OSMOREGULATION :
1.4.1 : Definition a n d Terminology :
When many living cells are subjected to variation in external water potential,
they respond by changing the content of an osmotically active solute(s), which leads to
restoration of their hydrostatic (turgor) pressure or cell volume close to the original
value. The phenomenon maintaining turgor pressure or cell volume is usually termed
osmoregulation.

The term osmoregulation is derived from the Greek word "w a }ios"
(Osmos) which is explained in the Oxford Dictionary as "Push, thrust or impulse" .
Hellebust (1976) defined osmoregulation as " Process and mechanisms by which
plants regulate the osmotic pressure in their cells". In walled cells this also includes
regulation of turgor pressure, while in "naked" cells only volume control is involved.
C r a m (1976, 1980) suggested that turgor regulation (for walled cells) and volume
regulation (wall-less cells) would be better term than using osmoregulation, since cells
shrink in response to lower (more negative) water potential and swell in response to
higher (less negative) values. Zimmermann (1978) has subsequently criticised such a
separtion, maintaining that the two phenomena have a similar physical basis, simply
representing two extremes in the continuum of responses shown by plants in saline
environments. However, Brown and Edgley (1980) defined osmoregulation as "the
maintenance of approximately constant cell volume and turgor pressure in the face of
changing water potential" but recently B r o w n et al. (1986) proposed a different
working definition, namely " the maintenance of turgor pressure and (or) cell volume
within limits necessary for growth and multiplication of an organism". Recently Reed
(1984) argued that the term osmoregulation is the inappropriate and misleading
expression and suggested more suitable expressions such as "osmoacclimation",
"osmotic adjustment", "turgor or volume regulation" or "turgor maintenance".
"Osmoadaptation", "osmotic regulation" or even "osmotic maintenance" should be
used according to their context. However, in this thesis the term osmoregulation will
be used, although the author has some agreement with the suggestions of Reed
(1984).
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1.4.2 : T h e M e c h a n i s m of Osmoregulation :
A change in the cell volume is known to be one of the mechanisms found in
algae for maintaining osmotic balance with the medium. S o m e of the unicellular algal
species which lack a cell wall behave as osmometers, when subjected to hyper- or
hypo-osmotic stress. This behaviour can be described by the use of Boyle-van't-Hoff
relation (Nobel 1974) has been demonstrated for D.parva (Rabinowitch et al. 1975),
D. tertiolecta (Borowitzka and Brown 1974), D. salina (Ben-Amotz 1980) and for
Ochromonas

malhamensis (Kauss 1974).

Osmotically-induced change in cell volume seems to be a transient
phenomenon, since synthesis or degradation of osmotically active organic compounds
and influx or efflux of inorganic ions occurs, and after a lag the cells regain their
original size (Hellebust 1976). Although in some cases, following prolonged
immersion in either hyposaline or hypersaline media, cell volume does not return to its
original value for example, in Porphyra purpurea (Reed etal. 1980).
Brown et al. (1986) have suggested that in theory there should be two levels
at which an organism can regulate its volume or turgor pressure. O n e is homeostatic,
that is the maintenance of turgor or volume within the limits necssary for growth, and
the other is adjustment to changing water potential or water activity. However, in
general, osmoregulation must satisfy both the growth requirement for sufficient turgor
pressure in most plant cells, as well as the physiological demands that the solute used
for osmoregulation do not interfere with the efficient operation of metabolic reactions.
The mechanism of osmoregulation in fungi, algae, mosses, halophytes and
glycophytes has been reviewed by Hellebust (1976). Several other reviews have also
discussed related topics such as ion transport (Cram 1976), water stress (Hsiao 1973),
turgor pressure (Zimmermann 1978), metabolite accumulation (Ben-Amotz and Avron
1983), and osmoregulation and water stress in higher plants (Morgan 1984).
For the purpose of understanding the mechnism of osmoregulation,
however, attention will be restricted largely to literature concerning the osmoregulatory
mechanism in Dunaliella.
Immediately after a salt or dilution stress cells of Dunaliella behave as
osmometers; in the first 30 seconds to 1 minute, an immediate thermodynamic
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adjustment takes place according to the law of Boyle-van't Hoff. W h e n transfered to
anisotonic (anisoosmotic) media, cells shrink or swell, but then they tend to revert to
their original volume after some time, depending upon the degree of osmotic shock.
After a hyperosmotic shock (when cells are transferred from low salinity to high
salinity), cell shrinks, but swells after a hypoosmotic shock (when cells are transferred
from high salinity to low salinity). The adjustment of glycerol content and ions to the
external medium follows a rapid volume change in D. parva, which obeys the
Boyle-vant Hoff relationship (Gimmler and Moller 1981; Gimmler et al. 1977). D.
marina

and other unicellular algae such as Chlorella emersonii, accumulate or

eliminate photosynthetically produced osmoregulatory solute which contributes to
internal osmotic potential to cope with fluctuations in the external salinity and thus
provide volume regulation (Ben-Amotz and Avron

1978, Greenway and Setter

1979). The volume regulation in D. bioculata is light-dependent and sensitive to
inhibitors of photosynthetic electron transport upon a salt stress, but is light
independent and insensitive during a dilution stress (Grizeau et al. 1982/83). In
addition to glycerol, significant levels of inorganic ions are also present within the cells
(Gimmler and Schirling 1978; Ginzburg and Ginzburg 1986). From the results of
Gimmler and Schirling (1978), Ehrenfeld and Cousin (1982, 1984), Balnokin and
Mazel (1985) and Pick et al. (1986) it is evident that two specialised and completely
different mechanisms, namely a "Metabolic" mechanism and an "Ionic" mechanism of
osmoregulation exsist in Dunaliella.
1.4.3 : The "Metabolic" Mechanism of Osmoregulation :
The "metabolic" mechanism of osmoregulation involves metabolic
biosynthesis or dissimilation of compounds when osmotic pressure of the ambient
medium is changed. These compounds can act as osmoregulators. With the gradual
decrease in osmotic pressure of the ambient medium, these compounds metabolically
change to other products, which are then used by the algae in the process of their vital
activity. The accumulation of glycerol in D. tertiolecta, in response to an increase in
sodium chloride concentration in the medium was first demonstrated by Craigie and
McLachlan (1964), however, prior to this observation synthesis of glycerol
Qjs.

to-a'-diglycerophosphate) in the process of photosynthesis was observed in
Scenedesmus
(Maruo and Benson 1957). Since then m u c h research has been
addressed to understanding the metabolic mechanism of osmoregulation in algae.
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The function of glycerol as an compatible solute and as osmoregulator is
well documented in the literature, e.g., in D. tertiolecta (Borowitzka and Brown
1974), D.salina (Ben-Amotz 1975), D.viridis (Borowitzka and B r o w n 1974,
Borowitzka et al. 1977, Kessly and B r o w n 1981) and D.parva

(Gimmler and

Schirling 1978), and n o w it is well established, that there is a direct correlation
between change in the salinity of the medium and glycerol content. Depending on the
strain of Dunaliella, glycerol contributes to a half to two-thirds of the osmotic pressure
of the cells, and the remainder is balanced by the inorganic ions (Avron 1986 a).
The accumulation of glycerol was also detected in three unidentified strains
of Chlamydomonas

(Craigie et al. 1967) and in the marine alga Chlorella sp. 580

(Hellebust 1965), whereas accumulation of P-galactopyranosyl-l(—»l)-glycerol was
discovered in Chlorella pyrenoidosa (Kauss 1967 a, b). A number of taxonomically
very different algae with cell walls have been reported to employ organic solutes for
osmoregulation, for example, the marine lichen Lichina pygmaea, which contains a
blue-green algal symbiont, regulates its levels of polyol derivative mannosido-mannitol
in approximately linear dependence on the salt content of the incubation media (Feige
1972). However, the biochemical pathways of synthesis of these compounds in
Chlamydomonas

andChlorella were not investigated in detail. Apart from Dunaliella,

the metabolic type of osmoregulation has also been demonstrated in

Ochromonas

malhamensis (Kauss 19671 The details of mechanism of synthesis and dissimilation
of glycerol in Dunaliella will be reviewed in the subsequent sections.
Table 1.3 summarizes the major metabolic osmoregulatory solutes in some algae.
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Table 1.3 : Metabolic Osmoregulators in Selected Unicellular Algae.
Genus

Major osmoregulatory

Reference

Solutes

Chlorophyceae
D. parva

Glycerol

Ben-Amotz (1973)

D. tertiolecta

Glycerol

Frank &
(1974)

D. viridis

Glycerol

Borowitzka &

Wegmann
Brown

(1974)
Platymonas suecia

Mannitol

Hellebust (1973)

P. subcordiformis

Mannitol

Kirst (1975)

Scenedesmus obliquus

Sucrose

Wetherell (1963)

Chlamydomonas reinhardtii

Glycerol

Husic & Tolbert (1986)

Chlorella emersonii (Light)

Proline

Setter &

Greenway

(1983)
Chrysophyceae
Monochrysis lutheri

Cyclohexanetetrol

Craige (1969)

Ochromonas malhamensis

Isofloridoside

Kauss (1974)

Phaeodactylum tricornutum

Proline

Beshneretal. (1969)

Cyclotella cryptica

Proline

Schobert (1974)
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1.4.4 : T h e "Ionic" Mechanism of Osmoregulation :
Although glycerol and other organic solutes serve as major metabolic
osmoregulators, N a + and K + also appear to contribute to the maintenance of osmotic
balance or turgor pressure in some cases. The intracellular concentration of K + and
N a + accounts for about 6-20% and 3 % of the required intracellular osmotic pressure,
respectively (Avron 1986 a).
The active elimination of Na+ from the cells is known in many algal
species, (or passive efflux of N a + into the ambient medium) e.g., in Porphyra
perforata (Eppley and Cyrus 1960), Scenjdesmus obliquus (Wetherell 1963),
Chlamydomonas (Okamoto et al. 1964), Chlorella pyrenoidosa (Barber 1968), and in
D. salina (Avron 1986 a; Pick et al. 1986). The cells of Dunaliella maintain a constant
intracellular concentration of N a + , at least over a range of external NaCl concentration
from about 0.5 M NaCl to 3.0 M NaCl (Latorella and Vadas 1973; Katz and Avron
1985). The constant concentration of N a + during change in cell volume upon a
osmotic shock is possibly due to either uptake or efflux of N a + ions during
appropriate conditions (Gimmler and Schirlingl978). However, recently, Gilmour et
al. (1982) demonstrated that an increase in the external salinity causes an increase in
the net ion influx through the thylakoid membrane in D. tertiolecta. This increase was
only temporary and the alga could recover to its previous level of ions. The time
taken for the alga to recover depends on the magnitude of salt stress.
In D. parva the ratio of [ Na+ ]intracer]ular / fNa+ Wside varies between
0.4-0.6 and N a + concentration is surprisingly high of the order of 0.6 N and 0.3 N
N a + in the algae adapted to 1.4 M and 0.75 M NaCl respectively (Gimmler and
Schirling 1978). This suggests that the plasmalemma of D. parva is not completely
permeable to N a + and it maintains a concentration gradient of N a + inside the cell / N a +
outer medium of about 0.4-0.5. Ehrenfield and Cousin (1982) have also demonstrated
in D. tertiolecta, that at all salinities, the N a + and CI" concentration always remains
lower than that of the external medium. In D. tertiolecta Ehrenfeld and Cousin (1982)
suggested the presence of two compartments, a large one (limited by a tight
membrane) regulating its N a + concentration to low levels and a second one (limited by
a leaky membrane) in equilibrium with the external medium. In a subsequent
publication these authors postulated two distinct mechanisms for ionic regulation, a
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N a + / K + exchange pump and a N a + independent K + pump (Ehrenfeld and Cousin
1984). Balnokin and Mazel (1985) suggested that the high barrier properties of
plasma membrane promote preservation of energy reserves of the cell, dictating a low
rate of N a + entering into the protoplasm, therefore no significant energy expenditure
is required to create an equivalent flow of N a + in the opposite direction against the
thermodynamic gradient.
The other cation, with a significant involvement in ionic volume regulation
in Dunaliella and other algal species appears to be K + , since the intracellular
concentration of K + is usually much higher than in the medium. Eppley (1958)
reported that K + content in the cells of Porphyra perforata was 40 times higher than
the sea water, whereas the concentration of N a + in the same cell was 10 times lower
than sea water. After this report, it was demonstrated in many other algal species that
an increase in the salinity of the ambient medium causes massive absorption of K + in
the cells (or decrease in turgor pressure increases the K + influx, while the K + efflux is
not significantly affected) of Porphyra perforata (Eppley anf Cyrus 1960),

Scerjfdesmus obliquus (Wetherell 1963), Chlorella sorokiniana (Chimiklis and Heath
1973) and Valonia ventricosa (Gutknecht 1968). Following these reports, Steudle
and Zimmermann (1974) suggested that at very low concentration of K + in the
medium, N a + also performs a role analogous to that of K + . From the details of above
mentioned references on K + , it appears that turgor pressure, which may be interpreted
as a pressure gradient across the plasmalemma and the cell wall, directly affects the
mechanism responsible for active K + uptake, and that the cells therefore posses a
feed-back mechanism for controlling their turgor.
The values of [ K+] intracellular / [ K+]outside vary, depending upon the
species; e.g., in D. parva it varies between 9-19 (Gimmler and Schirling 1978); D.
tertiolecta it varies between 6-13 (Ehrenfield and Cousin 1982); D. marina it varies
between 4.8-5.5 (Rusgard et al. 1980) and in D. salina it is about 40 (Avron 1986 a ;
Pick et al. 1986). Incubation of D. tertiolecta cells in K + free medium leads to a
decrease of K + concentration and to an increase of N a + concentration, this effect was
reversed by addition of KC1 to the medium. Upon a hypoosmotic shock a rapid loss
of N a + occurs in D. parva, and sum of K + and N a + is balanced by Cl"(Ginzburg
1981 a, b). However, in D. marina K + does not influence volume regulation in
hypertonic media but cells lonse 20-30% K + in hypotonic media. Based on this
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observation and other results Riisgard et al. (1980) suggested that K + is the volumeregulating factor in hypotonic media and N a + in hypertonic media. Since the
concentration gradient of N a + and K + at the plasmalemma is respectively inverse
(accumulation of N a + and extrusion of K + ) and energy is required for their
maintenance Gimmler and Schirling (1978) proposed the possible involvement of
N a + / K + ATPase (possibly located on the plasmalemma)for the maintenance of an
appropriate cationic environment inside the cell. Recently. Katz et al. (1986) have
characterized the presence of a N a + / H + antiport (exchanger) in the isolated plasma
membrane vesicles of Dunaliella. The results of Katz et al. (1986) suggest that this
N a + / H + exchanger might be involved in energy driven N a + transport out of the
cells.
Although there is conflicting evidence about ionic volume regulation, all
authors in general seem to agree at one point, namely that either N a + / K + or N a + /
H

+

exchange(r) might be involved in the process. At present, however, it is not

possible to state whether these two mechanisms can act simultaneously or not, since
the functioning of each of them was investigated separately by different authors in
different species.
In contrast to microorganisms (bacteria, fungi and algae) where
osmoregulatory mechanisms are restricted to a single cell, in higher plants
osmoregulatory mechanism is m u c h more complex, involving the interaction of
regulatory mechanisms at the cell level with those of tissues. Mott and Steward (1972)
showed that osmoregulatory properties in plant cells depends on stage of growth and
development. The integration of osmoregulatory functions by organs, tissues and cells
have been excellently discussed by Pitman and Cram (1973) and Luttge (1974). The
major osmotic components of glycophytes are potassium salts of organic acids and
sugars, whereas in halophytes, sodium and chloride usually accounts for the major
portion of the osmotic solutes (Hellebust 1976).
1.4.5 : Cell Membrane Permeability of Dunaliella :
There are some conflicting reports on the degree of permeability of the cell
membrane of Dunaliella . Trezzi et al. (1965) and Ginzburg (1969) have reported that
the alga has a highly permeable cell membrane. Subsequently, depending upon the
method of measurement, different intracellular N a + , K + , and CI" concentrations inside
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the cells were reported by Gimmler et al. (1977), Gimmler and Schirling (1978),Ginzburg (1981 a, b), Ehrenfeld and Cousin (1982, 1984), and Ginzburg and
Richman (1985), but there was general agreement that cell membrane is relatively
impermeable to ions. However, Enhiiber and Gimmler (1980) have reported that the
plasmalemma does not have an unusually low permeability towards glycerol. O n the
other hand W e g m a n n et al. (1980) have demonstrated thatZ). salina is capable of
retaining glycerol against a large concentration gradient with little or no leakage of
glycerol below 40°C. Recently, by direct monitoring N M R spectroscopy Brown et
al. (1982) have confirmed this observation, that the cell membrane of Dunaliella is
unique in exhibiting an exceptionally low permeability towards the glycerol with a half
time for glycerol leakage of more than 400 hours. A comparison between the various
permeabilities indicates that the cell membrane of Dunaliella , as well as other cell
membranes, exhibit high diffusional permeability to water, similar in magnitude to that
found for pure lipid membranes. The activation energy for water diffusion in
Dunaliella is relatively low and similar in magnitude to that found for bovine and dog
red cells (Degani and Avron 1982).
1.4.6 : Lipid Composition of the Membrane :
Most studies on the membranes of halotolerant and halophilic
microorganisms have been carried out on non- photosynthetic organisms, largely
bacteria (Evans et al. 1982). It is not known how Dunaliella maintains a high
concentration of glycerol against the concentration gradient across the cell membrane,
particularly as glycerol is normally a very permeant substance. Fontana and Haug
(1982) showed that membrane fluidity decreases as the alga is adapted to a higher
sodium chloride concentrations and suggested that this decrease may be a sensor of
changing environmental salt concentrations.
In recent years, some new information on the lipid composition of the
Dunaliella membrane became avilable. In D. salina, non-polar lipids with
hydrocarbons account for 3 0 % of the total lipids and the unsaponifiable fractions
contain more than thirty compounds (Tornabene et al. 1980). The membranes of D.
parva

and D.

tertiolecta, contained predominantly

the glycerolipids

monogalactosyldiacylglycerol (21.4 and 22.2 m o l % for D. parva andD. tertiolecta,
respectively),

digalactosyldiacylglycerol

(11.4

and

20.5

mol%),

sulfoquinovosyldiacylglycerol (6.5 and 9.5 m o l % ) , and two minor unidentified
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glycerolipids. Phosphatidyl choline (8.8 and 4.4 m o l % ) , phosphatidyl inositol (1.?
and 2.5 mol % ) , and phosphatidyl glycerol (5.5 and 7.7 m o l % ) were present in both
algae, but phosphatidyl ethanolamine (1.9 m o l % ) and phosphatidic acid (1.7 m o l % )
were detected only in D. tertiolecta . In addition, both algae had characteristically high
total lipid contents, in the range of 20-25% on a cell protein basis. In general the lipid
composition of D. parva and D. tertiolecta membrane was similar to other
non-halophilic photosynthetic organisms, but species of Dunaliella are unusual in
containing the polar lipids diacylglycerol-0-N,N,N-trimethylhomoserine (Evans et al.
1982,1983

and Evans and Kates 1984). The homoserine lipids are the main

component of the thylakoid membranes in Chlamydomonas but their precise function
a
in the photosynthetic appartus is unknown (Janero and Barrnett 1982).
Dunaliella species are known to tolerate low temperatures. The low
temperature adaptation or stress increases the phospholipid and glycolipid contents by
2 0 % , when the alga is grown at 12°C (cf. 26°C). The quantity of chloroplast
membranes and microsomal membranes also increased by 20 and 3 0 % , respectively
(Lynch and Thompson 1982, 1984 a, 1984 b). Recently Norman and Thompson
(1985 a, 1985 b) suggested that the phosphatidylglycerol is synthesized by the
"Eukaryotic" pathway in microsomes and by the "Prokaryotic" pathway in the
chloroplast and the microsomally synthesized P G is transported to the chloroplasts
(Norman et al. 1985). B y using an e.s.r.' spin label' technique Curtain et al. (1983)
have demonstrated that change in water activity of the external medium can cause
significant changes in the ordering of lipids of the outer cell membrane of D. salina.
O n hyperosmotic shock the cells become distended and tend to decrease the packing
density of phospholipids in the bilayer of the outer membrane, thus leading to a
decrease in ordering. A reverse effect occurs when the cells lose water by a
hyperosmotic shock. The results of Curtain et al. (1983) suggest that significant
exchange of lipid occurs between the plasma membrane and the interior of the cell
accompanied by membrane fluidity changes. Based on these observations, Curtain et
al. (1983) suggested that these changes in the ordering of lipids m a y affect regulating
sites on membrane-bound enzymes and hence may provide a transmembrane signal for
the control mechanism for glycerol metabolism.
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1.5 : Taxonomy of Dunaliella
The genus Dunaliella was first separated from Chlamydomonas by
Teodoresco (1905) on morphological grounds, and since then a number of species
have been described (Butcher 1959). The members of the genus Dunaliella are
unicellular, biflagellate, wall-less microscopic algae, which belong to the phylum
Chlorophyta, order Volvocales, family Polyblepharidaceae. Dunaliella is cosmopolitan
in distribution, generally present in salt and brine lakes, which contain sodium chloride
from a few percent to up to saturation levels (Smith 1950). However, 30 species of
Dunaliella have been described so far, 24 of them are found in saline habitats
(Melkonian and Preisig 1984). Some species are also known from fresh water, but
they are very rare (see below).
The early taxonomic studies on Dunaliella were performed on salt lake
isolates, which include Teodoresco (1905,1906) on D. salina andD. viridis ;

Hamburger (1905) onD. salina ; Baas-Becking (1931); D. viridis Lerche (1938) and
Riiinen (1938); D.minuta and D.parva Baas-Becking and Kaplan (1956).
Baas-Becking and Kaplan (1956) identified the presence of D. minuta Lerche, D.
parva lerche andD. euchlora Lerche in the lake Eyre (South Australia). However,
Butcher (1959) reviewed the taxonomy of Dunaliella, and described two marine and
other non-marine species; although he did not mention fresh water species. The
taxonomic literature classifies the different species according to their size, shape,
colour, and other morphological differences.

The best known species of Dunaliella are D. tertiolecta, D. primolecta, D

bioculata, D. euchlora, D. minuta, D. media, D. parva, D. viridis and D. salina
these species D. parva, D. viridis and D. salina are more often associated with
hypersaline environments. As mentioned above, six fresh water species of Dunaliella
have also been described but all of them appear to be extremely rare.
D. cordata (Pascher and Jahoda 1928)
D.laterali
D. paupera

(Pascher and Jahoda 1928)
(Pascher 1932)

D.flagellata

(Skvortzov 1968)

D. acidophila

(Masyuk 1971)

D. obliqua

(Masyuk 1973)
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Morphologically most species of Dunaliella

are ovoid, pyriform or

cylindrical, with a rounded posterior and acute to subacute anterior, except D. minuta
and D. media which are fusiform and ovoid to ellipsoid in shape. Dunaliella species
have a broad range of sizes, from 5 to 25 |im in length and from 3 to 13 u\m in width,
and the volume of cells ranges from about 25 u\m3(e.g. D. tertiolecta) to 500 \imr>
(e.g. D. salina). However, since cell volume and morphology are each affected by
environmental conditions, a system of classification based on simple morphological
differences is not always reliable (Ben-Amotz 1980).
1.6 : Ecology :
Species of Dunaliella are readily isolated from the sea and from inland salt
lakes with various chemical compositions and with salt concentration ranging from
below that of sea water to saturated. Brock (1975) reported that some species of
Dunaliella are the most halotolerant eukaryotic microorganism known on this planet.
D. salina, D. viridis and D. parva are commonly present in hyper-saline lakes and are
often described as halophilic. The Dunaliella population in salt lakes also serves as a
major food source for the brine shrimp (Anemia salina) as well as a carbon source for
the halobacteriaceae. Dunaliella is also considered as the major primary producer in
the salt lakes (Post 1977). Furthermore, Dunaliella can also tolerate substantially
higher concentrations of chlorinated hydrocarbon insecticides (Menzel et al. 1970),
heavy metals (Davies 1974, 1976 and Mandelli 1969) than most other marine
phytoplankton. Dunaliella is also reported to be relatively resistant to lead, copper,
mercury and cadmium (Bentley-Mowat and Reid 1977). Dunaliella can tolerate low
temperatures and light intensity and can remain viable .

:

euphoric .~ ^^>y^?yy^

(Hellebust and Terborgh 1967; Pope and Berger 1974).
1.7 : Morphology, Ultrasructure and General Biology of Dunaliella :
The alga Dunaliella is unicellular, motile, biflagellate (isocontae) with one
red eye spot, a plate-like stigma and one cup-shaped chloroplast which occupies about
half of the cell volume and contains a large pyrenoid. The nucleus contains a roughly
centrally-placed nucleolus and scattered areas of heterochromatin (some adhering to the
nuclear envelope's inner surface) embedded in a lightly granular euchromatin. In D.
bioculata, the cytoskelton is organized around the two basal bodies, each basal body is
associated with two dissymetric flagellar roots and numerous microtubules which
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constitutes a regular frame around the cell (Marano et al. 1985). The golgi apparatus is
usually situated between the basal bodies and the nucleus. This supranuclear position
of the golgi apparatus is a cytological difference from Chlamydomonas,

which has an

intranuclear golgi apparatus (Eyden 1975).
Species of Dunaliella usually have a thin elastic cell envelope. Dunaliella
has often been described as a naked equivalent of Chlamydomonas

(Fott 1971). Most

ultrastructural studies on Dunaliella species have failed to recognize a surface coat
outside the plasmalemma, and it was therefore concluded that Dunaliella is bounded
only by the plasmalemma (Anghel et al. 1980). The presence of a cell coat
surrounding the plasma membrane has been demonstrated in D. tertiolecta (Oliveria et
al. 1980), a n d D . salina (Mekonian and Preisig 1984). In D. salina a three-layered
wall like structure is also reported by Thomsello et al. (1980) but this claim is
questionable, because they did not present any photographic (electron microscopic)
evidence to support their finding.
When D.salina is adapted to increased salinity, the thylakoid membrane
became more compressed (Pfeifhofer and Bolton

1975), and the pyrenoid is

penetrated by pairs of short thylakoids (Melkonin and Preisig 1984). Recently,
Tsuzuki et al. (1986) have shown that the cells of D. tertiolecta grown in ordinary air
(I0W-CO2 cells) had a well-developed pyrenoid with m a n y more starch granules than
those grown in C02-enriched air (high-C02 cells). The chloroplast was located close
to the plasma membrane in I0W-CO2 cells, while in high-C02 cells the chloroplast was
located in the inner area of the cells. There is evidence that osmotic stress modifies the
structure and activity of mitochondria within viable cells of Chlamydomonas reinhardii
(Morris et al. 1985), but, there is no equlivalent evidence for Dunaliella .
Asexual reproduction normally occurs by longitudinal division of the motile
cells (Marano 1976). Sexual reproduction is also known, but it occurs very rarely,
only in stationary phase cultures when two motile cells fuse to form a quadriflagellate
zygote. At very low salinities, D. salina is k n o w n to produce haploid non-motile
aplanospores, which have thick-layered walls and are morphologically similar to the
small non-motile Chlorella like cells (Lerche 1938; Latorella et al. 1974).
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1.8 : Intracellular Pigments :
The pigment composition of Dunaliella species is usually qualitatively
identical and all species contain chlorophylls a and b, violoxanthin, neoxanthin, lutein,
a and (3 carotene and a pigment which resembles with anteraxanthin (Masyuk and
Radchenko 1970). Chlorophyll c could not be detected in this alga (Masyuk and
Radchenko 1970). Under certain conditions, such as old dense cultures of D. salina,
carotenoid becomes dominant and then red colour overmasks the green colour of
chlorophyll. O n diluting the growth medium, the organism reverts to green in colour
(Lerche 1938). it is interesting that salinity, osmotic pressure and light intensity have
no effect on pigment ratio of D. salina (Masyuk 1965 a, b). The total pigment
production can be enhanced by the addition of carbon dioxide or bicarbonate (Masyuk
1965 a, b). A p H of 8-9, at 20-30°C gives the best total pigment production in
Dunaliella (Masyuk and Yurchenko 1962). The hypersaline Dunaliella species have
lower chlorophyll: carotenoid and x^anthophyll: carotene ratios than the marine
species, and the ratios are more variable (Masyuk and Radchenko 1971).
Hase et al. (1980) have reported the amino acid sequence of ferredoxin of
Dunaliella salina. The sequences of two ferredoxins isolated from this algae resemble
other chloroplast ferredoxins, but do not show any homology to halobacterium
ferredoxin. The two ferredoxins differ in 16 amino acids in the sequences, and
contain 95 amino acid residues including five cystein residues.
1.9 : Growth Requirements of Dunaliella
1.9.1 :

Salt Requirement :
Species of Dunaliella grow over a full spectrum of salinities from a sodium

chloride concentration less than sea water to saturated. All the known species of
Dunaliella (with the exception of sixfreshwater isolates) have a specific minimal salt
requirement for growth but there is evidence that the growth range and salt tolerance /
salt optima may be extended by "training" (Borowitzka et al. 1977 and Kessf y
1977). D. tertiolecta Butcher normally grows in the range of 0.4 to 12 % NaCl, but
could be trained to grow in 1 5 % NaCl (Craigie and McLachlan 1964). Growth rates
of Dunaliella species range between one and two generations per day. The salt
tolerant species grow more slowly than less tolerant species. Table 1.4 illustrates the
general salt relations of some Dunaliella species.
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1.9.2 :

Composition of Growth Media :

Species of Dunaliella are usually facultative photolithotrophs, i.e. the alga
grows best with C O 2 as a source of carbon and light as a source of energy for
metabolic processes of growth and division. A few species of Dunaliella grow on
heterotrophic media, an extreme example is the chlorophyll-less Dunaliella that grows
in dark on acetate (Droop 1974). For the purpose of growing Dunaliella spp. in the
laboratory cultures, composition of the synthetic growth medium of Johnson et al.
(1968) seems to be suitable. Dunaliella grows in a broad range of p H values. The p H
requirement varies, depending upon the species and NaCl concentration of the
medium. D. viridis prefer p H range of 7-8.5, whereas D. salina will grow best
between p H 8 and 9 (Gibor 1956 and Loeblich 1972). Generally, an alkaline p H of
the growth media is preferred perhaps, because most lakes and the sea are alkaline and
there are higher concentrations of bicarbonate available for photosynthesis at alkaline
pH.
The major elements needed for growth are carbon, nitrogen, phosphate,
magnesium, calcium, potassium, chloride and trace elements (see Johnson et al.
1968). D. tertiolecta and D. viridis are sensitive to high concentrations of C a ^ + and
M g 2 + but a minimal concentration (4 m M ) is essential for growth (McLachlan 1960).
High concentration of sodium ions is required for growth, and the requirement for
sodium can not be replaced by other metal ions, although chloride ions can be replaced
by a few anions (Johnson et al. 1968; VanAuken and McNulty 1973). However,
recently Fujii etal. (1983, 1984, 1985), Leonova and Strogonov (1985) have shown
that D. tertiolecta and D. maritima could grow in a medium where NaCl is replaced by
Sodium sulphate, magnesium sulphate and sodium nitrate. Dunaliella spp. do not
require vitamins and the trace elements found in sea water are enough to support
normal growth.
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Table 1.4 :

General salt relations of some Dunaliella

species. The

apparent salt relations represented in this table can be expected to be
affected by temperature.
Alga

Source

NaCl concentration (M)
Growth range

Reference

Optimum

D. salina

Salt lake

0.3 - Satu.

2.0

1

D. viridis

Solar salt

1.0 - 4.0

0.9-2.0

2

pond

0.3 - 4.8

1.0- 1.5

Great salt

0.9 - 3.4

2.5

3
4

0.06 - 2.0

ca. 2.0
1.7 - 2.6

5

D.sp.

lake, Utah
D.sp.
D.sp.

M

Solar salt

-

6

pond
D. tertiolecta Marine

0.06 - >3.6

0.17-0.2

3

D. parva

Dead sea

0.3 - 4.0

0.75 - 1.5

7

D. bioculata

Marine

0.025 - 4.0

8

D. euchlora

Marine

0.5 - 1.0
0.4

9

0.5

10

D.primolecta

—

-

0.5 - 1.0

* For the maximal growth rates.
1. Loelich (1972); 2. Johnson et al. (1968); 3. Borowitzka et al. (1977);
4. Brock (1975); 5. Van Auken andMcNulty (1973); 6. Gibor (1956); 7. Gimmler
et al. (1978); 8. Grizeau et al. (1982/83); 9. McLachlan and Yentsch (1959);
10. Eddy (1965).
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1.9.3 : Temperature and Light Requirements :
Dunaliella species can tolerate wide variations in physical growth
conditions. The growth rate of Dunaliella under light saturation is usually high at the
rather high temperature of 33°C (VanAuken and McNulty 1973). Eppley (1972)
showed a strong relation between salt concentration and temperature; at a NaCl
concentration of 0.12 M , the optimum temperature of growth was 29°C, whereas in
1.5 M NaCl, the optimum temperature was about 36°C. The more salt-tolerant species
D.salina a n d D . viridis grow optimally at 30 and 37° C, respectively (Gibor 1956
and Loeblich 1972), compared with the marine species D. tertiolecta , which grows
best at 20°C (Eppley and Coastworth 1966). The more salt-tolerant species D. salina
and D. viridis grow best with 24 hour photoperiod at 10 k lux (Yurina 1966), or even
higher 25-35 k lux (VanAuken and McNaulty

1973). Abdullaeu and Semeneko

(1974) found that dense culture of D. salina could not reach saturation even at 400 k
lux. However, they suggested that light saturation of different Dunaliella species
occurs at 6.0 to 10.0 k lux and photoinhibition usually occurs at an illumination of a
few thousand lux above saturation. The effects of light quality on growth,
photosynthesis, carbon metabolism and solute concentrations has been studied in D.
tertiolecta (Wallen and Green 1971; Jones and Galloway 1979), and in D. parva
(Ginzburg and Ginzburg 1985 a, b). Photosynthetic rates were higher under blue light
than under white light, however, the incorporation of 1 4 c into glycerol slightly
decreased under blue light, as compared to white light. Drokova and Dovhoruka
(1966) observed that in D. salina red light favoured growth and blue light caused a
reduction in photosynthetic activity and growth.

Insert: Page 30 as second paragraph of section 1.9.3.
In unicellular algae light-shade adaptation is characterised by changes in intracellular
pigment content. Dunaliella tertiolecta respond to decreased light intensity by
increasing pigment content. In O. tertiolecta, the size of P 7 0 0 units decreases as the
cells become shade adapted, while the number of PSI reaction centers per cell Increases.
The strategy of light-shade adaptation observed in D. tertiolecta Is similar to that
observed In Chlorella and higher plants (Falkowski and Owens 1980)
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Dunaliella species can tolerate wide variations in physical growth
conditions. The growth rate of Dunaliella under light saturation is usually high at the
rather high temperature of 33°C (VanAuken and McNulty 1973). Eppley (1972)
showed a strong relation between salt concentration and temperature; at a NaCl
concentration of 0.12 M , the optimum temperature of growth was 29°C, whereas in
1.5 M NaCl, the optimum temperature was about 36°C. The more salt-tolerant species
D.salina andD. viridis grow optimally at 30 and 37° C, respectively (Gibor 1956
and Loeblich 1972), compared with the marine species D. tertiolecta , which grows
best at 20°C (Eppley and Coastworth 1966). The more salt-tolerant species D. salina
and D. viridis grow best with 24 hour photoperiod at 10 k lux (Yurina 1966), or even
higher 25-35 k lux (VanAuken and McNaulty

1973). Abdullaeu and Semeneko

(1974) found that dense culture of D. salina could not reach saturation even at 400 k
lux. However, they suggested that light saturation of different Dunaliella species
occurs at 6.0 to 10.0 k lux and photoinhibition usually occurs at an illumination of a
few thousand lux above saturation. The effects of light quality on growth,
photosynthesis, carbon metabolism and solute concentrations has been studied in D.
tertiolecta (Wallen and Green 1971; Jones and Galloway 1979), and in D. parva
(Ginzburg and Ginzburg 1985 a, b). Photosynthetic rates were higher under blue light
than under white light, however, the incorporation of 1 4 c into glycerol slightly
decreased under blue light, as compared to white light. Drokova and Dovhoruka
(1966) observed that in D. salina red light favoured growth and blue light caused a
reduction in photosynthetic activity and growth.

1.9.4 : Synchronised Culture of Dunaliella :

The reproducibility of results obtained from experiments with algae can be
significantly improved by synchronising the cell cycle (Tamiya 1966). Although
several papers have been published about the optimal growth conditions for different
species of Dunaliella ( Masyuk and Yurchenko 1962; Yurina 1967; Loeblich 1970;
Davies 1970; Wallen and Green 1971; VanAuken and McNulty 1973), only four
groups have tried a synchronisation of this alga (Eppley and Coatsworth 1966;
W e g m a n n and Metzner 1971; Briiggemann et al. 1978 and Marano et al. 1978).
W e g m a n n and Metzner (1971) proposed that synchronisation of the cell cycle can be
achieved by using combined light-dark, and high-low temperature treatments.
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However, this m a y not be true in case of halophilic species of Dunaliella where the
optimal growth temperature (27-30°C) is closer to the optimal temperature for
photosynthesis. Since then, Briiggemann et al. (1978) and Marano et al. (1978) have
sucessfully demonstrated a complete synchronisation of a cell culture by using a
light-dark cycle of 14 - 10 hours for D. parva (Briiggemann et al. 1978) and 12 -12
hours for Dbioculata (Marano et al. 1978). Thus on present evidence it appears that
synchronisation of halophilic species can be achieved simply by using light-dark
cycles of appropriate periods but programmed temperature control is also needed for
less halotolerant species.
1.10 : Photosynthesis :
No fundamental difference in the photosynthetic apparatus appears to exist
between Dunaliella and other non-halotolerant green algae, however, Dunaliella does
possess enzymes capable of catalysing massive glycerol synthesis (Gimmler and
Moller 1981). Depending upon the species and salt concentration of the m e d i u m in
which the algae are adapted, the rates of photosynthesis vary in Dunaliella (see tables
1.5 and 1.6). Although a considerable amount of work has been published on
photosynthetic aspects of this alga, most of these studies were done in association with
osmotic stress experiments and there has been a tendency to present results in relative
terms instead of showing the absolute values of the photosynthetic rates in steady
state. Tables 1.5 and 1.6 illustrate the photosynthetic rates (Photosynthetic C O 2 assimilation and Photosynthetic oxygen evolution) in the different species of
Dunaliella.
Cell-free preparations of D. parva exhibit photochemical activity, absorption
spectra, light-induced difference spectra and sensitivity to electron transport inhibitors.
All these physiological and photosynthetic characteristics are typically similar to other
green algae and higher plants chloroplast Despite the presence of both ferredoxin and
flavoprotein ferredoxin-NADP-reductase, cell-free preparations were unable to
perform any photoreduction reaction which involved ferredoxin, but preparations
could fix C O 2 (Ben-Amotz and Avron 1972 a). In a subsequent communication,
these authors suggested that, at least under some conditions, a reduced product of
photosystem I, preceding ferredoxin in the electron transport path can serve as a
reductant for C O 2 in photosynthesis (Ben-Amotz and Avron 1972 b). Gimmler (1973
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a, b) demonstrated the correlation between photophosphorylation and light-induced
conformational changes in the chloroplast of D. parva. His results indicated that in the
presence of oxygen, cyclic photophosphorylation plays a minor role and Dunaliella has
two different phosphorylation sites. O n e of which is located between the site of water
oxidation and photosystem II, and the second is located after the DBMIB-inhibiton site
(photosynthetic electron transport between plastoquinone and cytochrome-f and A T P
synthesis) in the region of photosystem I. Recently, Sheffer and Avron (1982)
showed that the salt inactivation of photosynthesis is a result of blockage at a specific
site, which is located among the electron transport components involved in the
photoreduction of ferredoxin by photosystem I.
By using the chlorophyll fluorescence technique in D. tertiolecta, Gilmour
et al. (1984 a, b) showed that decreasing salinity partially inhibits the charge separation
due to photosystem I, whereas increased salinity inhibits photosystem II.
Furthermore, by using the same technique, Gilmour et al. (1985) demonstrated that
ionic stress stimulates cyclic electron flow, and that non-cyclic flow is inhibited.
Similarly, the sites of salt inactivation of photosynthesis are known for other algae, for
example Porphyra perforata (Satoh et al. 1983), where increased salinity affects at
least three sites in the photosynthetic apparatus. T h e first site of inhibition is
photoactivation of electron flow on the reducing side of photosystem I; the second site
is the electron flow on the water side of photosystem n, a third site m a y be the transfer
of light energy between pigment molecules (probably from pigment system II to I).
Beside this, high salinity also reduces the amount of light energy that reaches the
reaction center of photosystem II.
In partially synchronous cultures, D. tertiolecta maintains a photosynthetic
quotient ( 0 2 / C 0 2 ) of 1.0-1.1 and respiratory quotient ( C O 2 / O 2 ) of 1.7-1.8
( W e g m a n n and Metzner 1971). However during a salt stress, the photosynthetic
quotient increases from 1.1 to 1.8 inD. salina (Kaplan etal. 1980). Several authors
have studied the pathways of carbon assimilation in marine algae (Beardall et. al.
1976; Holdsworth and Colbeck 1976; Karekar and Joshi 1973; Patil and Joshi 1970)
and the general conclusion is that 3-PGA is the initial product of C O 2 fixation in light.
Craigie et al. (1966) and Stewart (1974) claimed that sucrose is a minor product of
Dunaliella, however, Miiller and W e g m a n n (1978 a, b, c) demonstrated substantial
sucrose biosynthesis in D. tertiolecta.. Sucrose synthesis is favoured by high
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temperature and low salt concentration in the medium. Sucrose synthesis at an elevated
temperature (38°C) is also known in photosynthesizing Chlorella vulgaris
(Nakamura and Miyachi 1982).

Table 1.5 :
Photosynthetic C02-assimiIation rates in Dunaliella
species in steady state (The algae were grown and adapted in the
specified N a C l concentration). Rate Unit : (fimol C O 2 • nig"*
Chlorophyll, h" 1 )
Algal Species

Rate

Reference

0.17

25

Mukerji et al. 1978

0.17
0.34
0.68
1.02
1.40
1.70

160
190
280
240
300
>340

0.17
0.70

59
72

]
]
Wegmann, 1979
]
]
]
Goyal et al. 1986
-do-

0.75
1.50

140
190

Briiggemann et a/. 1978
-do-

1.50
1.50

75
190

Gimmleref al. 1981
Gimmler &M611er 1981

D. salina

1.50
2.0

180
185

Kaplan et al. 1980
Balnokin et al. 1978

D. maritima

0.5

86

D. tertiolecta

D. parva

NaCl [M]

-do-
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Table 1.6 :
Photosynthetic Oxygen evolution rates in Dunaliella
species in steady state (The algae were grown and adapted in the
specified NaCl concentration). Rate Unit : (|imol oxygen . m g " 1
Chlorophyll . IT 1 ).
Algal Species

NaCl [M]

Rate

Reference

D. tertiolecta

0.17

12

Kessly& Brown 1981

D. viridis

4.00

35

D. tertiolecta

0.43
0.25

68
75-80

Gilmourer al. 19B4a
Gilmour ef al. 1984 b

D. salina

1.50
2.00

254
190

Kaplan et al. 1980
Balnokin et al. 1978

D.maritima

0.50

80

-do-

D. parva

1.50

52

Ben-Amotz &
1972

-do-

Avron
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The algae Dunaliella from the stationary phase incorporate a greater
proportion of the newly fixed carbon into amino acids and protein than cells from the
mid-exponential phase. The activity of PEP-carboxylase relative to that of Rubisco
increases with the age of culture in the stationary phase batch cultures (Glover and
Morris 1979), and cells of stationary phase cultures use bicarbonate ions as the
substrate for photosynthesis, whereas those from mid-exponential phase use free
carbon dioxide. Based on these observations Mukerji et al. (1978) proposed that the
mechanism of photosynthetic carbon dioxide fixation in D. tertiolecta varies during
growth in batch cultures. Kelly and Latzko (1984) argued that marine algae
"concentrate" more on protein synthesis, rather than synthesis of carbohydrates. The
protein synthesis requires supply of amino acids, the majority of which have a carbon
skeleton derived from the TCA-cycle. Replenishment of intermediates taken from this
cycle is a principal function of PEP-carboxylation (Latzko and Kelly 1983), hence it is
not surprising that short term feeding of

C O 2 has resulted in labelling of C 4

compounds. Recently Kremer (1981 a, b) showed that all the P E P provided for
PEP-carboxylation is derived from the Calvin cycle, either direcdy from glycerate 3-P
in the light or (in the dark) from stored carbohydrates synthesized from Calvin cycle
intermediates during a preceding light period. Kelly and Latzko (1984) proposed the
following scheme to explain their argument
3 co 2

•-Oxaloacetate •

co 2
3 RuBP

Calvin cycle

6 glycerate-3-P

5 triose-P
triose-P^-^—-*

s

"9ars

Fig.
The net fixation of three C 0 2 by the Calvin cycle produces one triose-P.
If each triose-P is used to synthesize a Ci, amino acid (in a metabolic sequence
that includes fixation of a fourth C 0 2 ) , a short-term labeling pattern of "75% C 3 /
25% CV' will ensue (heavy lines). The proportion of label in Cu compounds would,
however, be expected to be less since the triose-P is also required for other biosyntheses, e.g., sugars (broken lines). On the other hand, at later growth stages
these sugars may be remobilized to generate additional PEP (broken lines) , and if
this occurs when the Calvin cycle activity is low, label may appear predominantly
in Ci| compounds

From Kelly and Latzko (1984)
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In Dunaliella, the rate of photosynthesis is usually stimulated by a moderate
salt stress but inhibited by severe salt stress. The level of salt stress, which stimulates
or inhibits photosynthesis, varies from species to species and sodium chloride
concentration of the m e d i u m in which the alga was adapted. During a dilution stress
photosynthesis is usually decreased (Gilmour et al. 1984 a, b; Briiggemann et al.
1978; Kessly and B r o w n 1981).
An increase in the salinity of the external medium (salt stress) beyond a
certain level is k n o w n to inhibit photosynthetic oxygen evolution, for example when
0.43 M N a C l adapted cells were transfered to 1.2 M NaCl, photosynthetic oxygen
evolution w a s completly inhibited in D. tertiolecta (Gilmour et al. 1982).
Photosynthetic oxygen evolution is more sensitive to combined ionic and osmotic
stress rather than to osmotic stress (Gilmour et al. 1984 a) . O n the other hand, the
decrease in external salinity (dilution stress) has a marked inhibitory effect on
photosynthetic oxygen evolution similar to that of salt stress (Gilmour et. al. 1984 b).
In light, salt stress directs the flow of newly fixed carbon, predominantly towards the
glycerol biosynthesis at the expense of starch synthesis (Gimmler and Moller 1981).

Tables 1.7 and 1.8 illustrate the effects of osmotic (salt or dilution) stress on the
photosynthetic rates in Dunaliella species.
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Table 1.7 : Photosynthetic C02-assimilation rates in Dunaliella
species under osmotic stress as a percentage of the rate before the
application of stress .

Algal Species

NaCl [M]
From
To
(b)
(a)

Rate

Reference

(b)
(a)

1.5
1.5

2.5
0.38

411
100

Briiggemann et al. 1978
-do-

1.5
1.5
1.5

1.8
2.1
2.4

125
237
250

Gimmlerer al. 1981
-do-do-

D. salina

1.5

2.0

100

Kaplan et al. 1980

D. tertiolecta

0.34
0.68
1.02
1.7

0.85
1.4
1.7
2.04

187
120
122
141

W e g m a n n 1979
-do-do-do-

0.34
0.68
1.02
1.7

0.17
0.17
0.34
1.02

100
72
66
67

D. parva

•

-do-do-do-do-

* T h e algae were grown at the salt concentration tested under (a) and
transferred in one step to that tested (b).
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Table 1.8 : Photosynthetic Oxygen evolution rates in Dunaliella.
species under osmotic stress as a percentage of the rate before the
application of stress .
Algal Species

Rate
(b)
(a)

NaCl [M]*
From
To
(b)
(a)

Reference

0.17
0.17
0.17
0.4
0.4
0.4
0.4
0.4
0.4

0.5
1.0
1.2
1.0
1.2
1.3
0.2
0.1
0

80
35
10
80
65
35
75
50
10

Gilmour etal. 1984 a
-do-doGilmourera/. 1982
-do-doGilmour et al. 1984 b
-do-do-

0.17
0.17
0.17
1.6
1.6
1.6

0.4
0.7
1.0
1.0
0.7
0.4

150
140
70
78
52
45

Kessly 1978 and
Kessly and Brown 1981
-do-do-do-do-

D. viridis

1.5
1.5
1.5
4.0
4.0
4.0

1.9
2.6
3.3
2.6
1.9
1.5

100
55
40
175
160
75

-do-do-do-do-do-do-

D. salina

1.5

2.1

158

Kaplanef al. 1980

2.0
2.0
2.0
2.0
2.0

3.0
4.0
4.5
1.0
0.5

110
66
44
65
44

Balnokin et al. 1978
-do-do-do-do-

D.maritima

0.5
0.5
0.5

1.0
1.5
0.17

110
30
40

D. parva

1.5
1.5
1.5

2.0
3.0
1.0

105
107
80

D. tertiolecta

-do-do-doBen-Amotz and Avron 1972
-do-do-

* T h e algae were grown at the salt concentration tested under (a) and
transferred in one step to that tested (b).
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1.11 : Enzymes of Dunaliella :
The four enzymes involved in the synthesis and dissimilation of glycerol
have been identified, purified and characterized in Dunaliella .
(a) Glycerol-3-phosphate dehydrogenase, catalyzes the interconversion of
glycerol-3-phosphate and dihydroxyacetone phosphate, coupled to the reduction and
oxidation of N A D ( P ) + and NAD(P)H, respectively (Haus and W e g m a n n 1984;
Marengo et al. 1985).

CH 2 OH
I
C=0
I
CH20-P

NAD(P)H

NAD(P)+

T

T

^

Dihydroxyacetone phosphate

(b)

CH2OH
I

CHOH
CH20-P
Glycerol 3-phosphate

DL-glycerol-3-phosphate phosphatase, catalyzes the dephosphorylation of

glycerol 3-phosphate to glycerol (Wegmann 1979). However, a specific
magnesium-dependent DL-glycerol 1-phosphate phosphatase has also been identified
and characterized in D. salina (Sussman and Avron 1981).
CH2OH
I

H20

CHOH
I
CH20-P

I

Pi

Glycerol 3-phosphate
(c)

CH 2 OH
I
CHOH
I
CH 2 OH
Glycerol

Glycerol dehydrogenase (dihydroxyacetone reductase) catalyzes the

interconversion of glycerol and dihydroxyacetone, coupled to the reduction and
oxidation of N A D P + and N A D P H , respectively (Ben-Amotz and Avron 1973, 1974;
Borowitzka and Brown 1974), (See next page):

40

CH 2 OH

NADP+

CHOH « t t

r

NADPH

CH 2 OH

C = O

I

I

CH2OH
Glycerol

CH2OH
Dihydroxyacetone

(d)

Dihydroxyacetone

kinase, catalyzes the phosphorylation of

dihydroxyacetone by A T P with a high specificity for dihydroxyacetone (Lemer and
Avron 1977; Lerner et al. 1980).
CH2OH ATP ADP CH2OH
I

C =O

I

i

t

C=O

I

I

CH2OH
Dihydroxyacetone

CH20-P
Dihydroxyacetone
phosphate

Brown et al. (1982) and Gimmler and Lotter (1982 b) have identified the
intracellular distribution of four enzymes involved in the glycerol metabolism pathway
(so called Glycerol cycle).The two reversible steps of the glycerol metabolic pathway,
were spatially separated; glycerol-3-phosphate dehydrogenase was located in the
chloroplast, whereas NADP-specific glycerol dehydrogenase was located in the
cytosol. The two irreversible enzymes, glycerol-3-phosphate phosphatase and
dihydroxyacetone kinase appeared to be distributed equally in the cytoplasm and
chloroplast. However, Brown et al. (1982) did not rule out the possibility that these
enzymes might be loosely associated with the membrane system or have a
mitochondrial origin.
Starch is also a major component in the osmoregulatory system of
Dunaliella, since it provides and accepts carbon to and from the glycerol metabolic
pathway. The enzymes of starch synthesis and degradation in D. marina have been
identified by Kombrink and Wober (1980 b). D. marina possesses an ADP-glucose
pyrophosphorylase, four multiple forms of starch synthase, two amylases (identified
as ce-amylase and f3-amylase), and at least two forms of cc-glucan phosphorylase.
Kombrink and Wober (1980 b) have presented the evidence that all of these enzymes
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are located in the chloroplast. The technique used by these authors for the isolation of
intact chloroplast is questionable, therefore the possibility of cytosolic localization of
these enzymes can not be overlooked. In a subsequent communication Kombrink and
W o b e r (1982) identified two forms of phosphofructokinase, one of them being
located in the cytosol and other in the chloroplast. They proposed that starch
degradation is controlled at the reactions catalyzed by chloroplastic
phosphofructokinase.
The various enzymes of D. parva , exhibit a very broad scale of sensitivity
against NaCl, ranging from half maximal inhibition at 100 m M . Enzymes with
non-electrolyte substrates have a relatively higher salt tolerance than those with anionic
substrates. According to Gimmler et al. (1984) salt inactivation is usually caused by
Cl~ and not by K + and N a + .
Besides the enzymes involved in starch and glycerol metabolism in
Dunaliella , the presence of several other enzymes in various species of Dunaliella
have also been reported.
A list of all the enzymes reported in Dunaliella is shown in Table 1.9.
1.12 : Glycerol Metabolism :
Craigie and McLachlan (1964) first demonstrated the presence of high
concentrations of photosynthetically produced glycerol in D. tertiolecta grown in high
concentrations of sodium chloride. Since then, the photosynthetic production of
glycerol has been confirmed in other species, for example D. parva (Ben-Amotz and
Avron 1973); D. salina andZX maritima (Balnokin et al. 1978) and D. viridis
(Borowitzka and B r o w n 1974). In D. tertiolecta, glycerol was identified as an early
product of

C O 2 photosynthesis ( W e g m a n n 1969). Winkebach (1972) showed that

glycerol and starch are the major photosynthetic storage products in D. tertiolecta .
After 5 min of ^ C 0 2 - photosynthesis label was distributed in alanine, glycine, serine,
glutamate, glycolate, malate, glycerate 3-P, sugar phosphate, sucrose and glycerol. A
major proportion of the total incorporated radioactivity was retained in glycerol
(Ben-Amotz 1975). W e g m a n n (1971) argued that photosynthetic glycerol production
is osmotically regulated. However, Ben-Amotz (1975) showed that the synthesis and
degradation of glycerol is not completely light-dependent, therefore two different
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source of carbon for glycerol synthesis were probable; one being photosynthetic
products of C O 2 fixation and the other being derived from degradation of starch.
In D. tertiolecta W e g m a n n (1971) and Frank and W e g m a n n (1974)
claimed that the major portion of glycerol is leaked into the medium, therefore it can
not maintain an osmotic equilibrium between the cell and the medium unless the cells
are capable of producing glycerol continiously. Recently, a]efflux of glycerol has
been reported in D. parva (Enhuber and Gimmler 1980). Enhiiber and Gimmler
(1980) suggested that D. parva follows the strategy of glycerol efflux "tolerance",
rather than glycerol efflux "avoidance" (cf. Levitt 1972,1980). However, Ben-Amotz
(1975); Borowitzka et al. (1977); Ben-Amotz and Avron (1978) demonstrated that the
intracellular concentration of glycerol is usually approximately iso-osmotic with the
medium concentration of NaCl, and glycerol does not leak in the medium above about
0.6 M NaCl concentration. Ben-Amotz (1975) showed that when Dunaliella is placed
in a hypertonic medium, it produces glycerol, and if placed in a hypotonic medium it
degrades glycerol, until it effectively counterbalances the external salinity.
Shortly after a hyper-osmotic shock to D. parva, glycerol synthesis is
stimulated at the expense of starch synthesis and this reaction is independent of the
effect of NaCl or total C02-assimilation; since glycerol synthesis is always stimulated,
even if the photosynthetic C02-assimilation is inhibited. However, upon a
hypo-osmotic shock the glycerol content of D. parva decreases but starch increases in
both light and dark (Gimmler and Moller 1981; Gimmler et al. 1981). The results of
W e g m a n n (1980) and Gimmler and Moller (1981) further suggested that in the light,
salt stress directs the flow of newly fixed carbon towards glycerol synthesis; in dark
however, the salt stress induces a rapid breakdown of starch and the products of starch
degradation are used for glycerol biosynthesis. Gimmler and Moller (1981) also
suggested that endogenous inorganic phosphate levels control and determine the
carbon distribution between starch and glycerol.
The two biochemical pathways involved in the synthesis and degradation of
glycerol in Dunaliella have been proposed by Frank and W e g m a n n (1974); Mutscher
and W e g m a n n (1974) and Ben-Amotz (1975); Ben-Amotz and Avron (1981). There
is n o w good agreement that glycerol is synthesized via two inter-related biochemical
pathways; one in the light, using photosynthetic products of carbon dioxide fixation
through the Calvin cycle, and the other in the dark via metabolic degradation of starch,
the storage product of Dunaliella .
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Table 1.9 : List of reported enzymes of Dunaliella species.
Enzyme

Reference

Dunaliella sp.

Glycerol-3-phosphate D H

Glycerol-DH
(Dihydroxyacetone reductase)

•

DP
DT
DT
DT
DP
DP
DP
DT
DT
DV

Gimmler & Lotter

(1982 b)

Haus & Wegmann

(1984 a)

Browner al.

(1982)

Marengo et al.

(1985)

Ben-Amotz & Avron (1973)
-do-

(1974)

Gimmler and Lotter (1982 b)
Borowitzka & Brown (1974
Browner al.
(1982)
Borowitzka et al.

(1977)

DP
DS
DP
DT

Lerner and Avron

(1977)

Lernerer al.

(1980)

Gimmler & Lotter
Browner al.

(1982b)
(1982)

DT
DT
DP
DS

Wegmann

(1979)

Browner al.

(1982)

Giimler & Lotter

(1982b)

Sussman & Avron

(1981)

Acid phosphatase

DP

Gimmler & Lotter

(1982b)

Non-specific phosphatase

DT

Antia & Watt

(1965)

ADP-glucose pyrophosphrylase
Starch synthase

DM
DM

Kombrink & Wober (1980 b)
Kombrink & Wober (1980 b)

a-Amylase

DM

Kombrink & Wober (1980 b)

P-Amylase

DM

Kombrink & Wober (1980 b)

Dihydroxyacetone kinase

Glycerol-3-phosphate phosphatase
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Enzyme

Dunali lla sp.

Reference

a-Glucan phosphorylase

DM

Kombrink & Wober (1980 b)

Phosphofructokinase

DM Kombrink & Wober (1982)
DS

Paradies & Vettermann (1973)

Fructose 1,6 bis phosphate-

DM

Kombrink & Wober (1980 b)

-phosphatase

DT

Wegmann

(1979)

Rubisco

DV
DT
DT
DM
DP
DP
Dt
DT
DP
DP

Johnson et al.

(1968)

Beardaller al.

(1976)

Wegmann

(1979)

DV

Johnson et al.

DM

Kombrink & Wober (1980b)

DP

Gimmler & Lotter

RU^P-kinase
PEP-carboxylase

Glucose 6 -phosphate DH

Kombrink & Wober (1980b)
Ben-Amotz
(1975)
Gimmler & Lotter (1982b)
Wegmann

(1979)

Beardaller al.

(1976)

Ben-Amotz

(1975)

Gimmler & Lotter

(1982 b)
(1968)
(1982 a)

6-phosphogluconate DH

DM Kombrink & Wober (1982)

Phosphohexoisomerase

DV Johnson et al. (1968)

Pentose phosphate isomerase

DV

Glyceraldehyde 3-phosphate DH

DT Wegmann (1979)

Phospho glycerate kinase

Johnson et al.

(1968)

DP

Gimmler & Lotter

(1982 a)

DT

Wegmann

(1979)
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Enzyme

Dunaliella

Reference

sp.

Glycerol kinase

DT

Wegmann

Pyruvate kinase

DM
DP

Kombrink & Wober (1980 a)
(1982 b)
Gimmler & Lotter

Sucrose phosphate synthase

DT

Miiller & Wegmann (1978 c)

Carbonic anhydrase

DT
DT
DT

Latorella & Vadas

(1973)

Aizawa & Miyachi

(1984)

Aizawaer al.

(1985)

Fumarase

DM

Kombrink & Wober

Peroxidase

DP Gimmler et al.

1984)

Catalase

DM Kombrink & Wober

1980 a)

DP

1984)

Gimmler et al.

(1979)

1980 a)

ATPase

DP Gilmour et al

1985)

Urea Amidolyase

DPrim. Leftley & Syrett

1973)

Nitrate Reductase

DT Leclair & Grant

1972)

DP

Heimer

1973)

DP

Heimer

1975)

Abbreviations

DM
DP
DPrim
DS
DT
DV

Dunaliella marina
• Dunaliella parva
Dunaliella primolecta
Dunaliella salina
Dunaliella tertiolecta
Dunaliella viridis
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Frank and W e g m a n n (1974) and Mutscher and W e g m a n n (1974) proposed the
following pathway for glycerol synthesis, which is similar to glycerol fermentation in
yeast. However, W e g m a n n and his associates, did not present any convincing
evidence to support this pathway.

Pathway Proposed by Frank and Wegmann (1974)
and
Mutscher and Wegmann (1974)

CHO

CH 2 OH

I

CHOH

Triose Phosphate Isomerase

C=0
I

I

C H 2 O-P
Dihydroxyacetone phosphate

C H 2 O-P
Glyceraldehyde 3-Phosphate
(From Calvin Cycle)

NADH
Glycerol-3-P D H

NAD

CH^OH
I

CH 7 OH

L

CHOH

Phosphatase

CHOH
I

I

C H 2 O-P

CH 2 OH
Glycerol

+

HoO

Glycerol 3-Phosphate
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Ben-Amotz and Avron (1973, 1974) and Brown and Borowitzka (1974)
have demonstrated the presence of a very active NADP-specific glycerol
dehydrogenase (NADP-dependent dihydroxyacetone reductase).
CH
CH2OH
2 OH
I

I

C =O
+ NADPH -*
I
CH 2 OH
Dihydroxyacetone

*- CHOH + NADP +
'CH20H
Glycerol

Subsequently, Lerner and Avron (1977) characterized another enzyme in D.
parva, dihydroxyacetone kinase, which is capable of phosphorylating
dihydroxyacetone.
CH
CH9OH
2 OH

C=0
+ ATP
I
CH 2 OH
Dihydroxyacetone

^

C=0 +ADP
I

CH20-P
Dihydroxyacetone phosphate

Dihydroxyacetone kinase presumably functions in glycerol dissimilation
(Brown and Borowitzka 1979), but Ben-Amotz (1980) suggested that
dihydroxyacetone phosphate which is either derived from photosynthesis orfromthe
degradation of starch, is hydrolysed to dihydroxyacetone by acid phosphatase (Antia
and Watt 1965) and glycerol dehydrogenase (dihydroxyacetone reductase) catalyzes
the reduction of dihydroxy acetone to glycerol. However, during a hypo-osmotic
shock, at high concentrations of intracellular glycerol, glycerol dehydrogenase
(dihydroxyacetone reductase) can degrade glycerol to dihydroxy acetone and through
the activity of dihydroxy acetone kinase back to dihydroxy acetone phosphate. Based
on this argument Ben-Amotz (1975,1980) proposed the following pathway for the
synthesis and dissimilation of glycerol (see next page).
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Pathway proposed by Ben-Amotz (1975, 1980)

From Starch breakdown
or
From Calvin cycle

CH2OH
I

C=0
I

H20

(1)

J—I

ADP
(2)
CH20-P
Dihydroxyacetone phosphate

Pi

CH 2 OH
I

C=0
ATP

I

CH2OH
Dihydroxyacetone

NADH
(3)

(4)
+

NAD

CH 9 OH

CHO
I

CHOH

CHOH

I

I

CH2OH
Glycerol

CH20-P
Glyceraldehyde 3-P
(From Calvin Cycle)
(1) Phosphatase

(2) Dihydroxyacetone kinase

(3) Glycerol dehydrogenase (Dihydroxyacetone reductase)
(4) Triose phosphate isomerase
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However, based on the information available in the literature on glycerol
metabolism in Dunaliella and discussions held at the Weizmann Institute of Science,
Israel (1978) and at a Dahlem conference, Berlin (1979); W e g m a n n (1979) proposed
a hypothetical metabolic pathway of glycerol biosynthesis and dissimilation in
Dunaliella ; which he called " The Glycerol Cycle".

FROM
CALVIN CYCLE
OR
STARCH DEGRADATION

V
NADH

CH 2 OH
I
C=0

NAD +

CH 2 OH
I

f

t

I

CHOH
I

(1)

CH 2 0-P
Glycerol 3-phosphate

CH20-P

Dihydroxyacetne phosphate

H20

ADP
(4)

(2)
ATP

Pi

CH 2 OH

CH2OH

(3)

I

C=0

CH 2 OH

Dihydroxy-

T

T

CH2OH

NADPH

NADP +

I

CH2OH
Glycerol

acetone ''

THE GLYCEROL CYCLE (Wegmann 1979)
(1) Glycerol 3 - P D H

(2) Glycerol 3-P phosphatase

(3) Glycrerol D H

(4) Dihydroxyacetone kinase

CHAPTER 2
MATERIALS AND METHODS

MATERIALS AND M E T H O D S
2.1 MATERIALS :
2.1.1. Chemicals :
All Biochemicals were obtained either from Sigma (U.S.A.) or from
Boehringer (Germany). Permablend III, Triton X-100 and Toluene (Scintillation
Grade) were obtained from Packard (U.S.A.) and all other analytical grade chemicals
were either purchased from B D H (Australia) or from Univar-Ajax (Australia).
2.1.2. Enzymes :

Name

Source

Manufacturer
S = Sigma, B = Boehringer

Alcohol dehydrogenase (EC 1.1.1.1)

Yeast

Aldolase (EC 4.1.2.13)

Rabbit muscle

S
B

Carbonic anhydrase (EC 4.2.1.1)

Bovine erythrocytes

S

Creatine phosphokinase (EC 2.7.3.2)

Rabbit muscle

S

Glucose-oxidase Kit (EC 1.1.3.4) (GOD-Perid)
Glucose 6-phosphate dehydrogenase (EC 1.1.1.49) Yeast

B
B

Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12)/
3-phosphoglyceric phosphokinase (EC 2.7.2.3)(mixed enzyme)
Glycerokinase (EC 2.7.1.30)

Yeast

S

Candida mycoderma

S

Glycerophosphate dehydrogenase (EC 1.1.1.8) Rabbit muscle

S

Lactate dehydrogenase (EC 1.1.1.27)

Rabbit muscle

B

Pyruvate kinase (EC 2.7.1.40)

Rabbit muscle

S

Phosphoglucose isomerase (EC 5.3.1.9)

Yeast

B

Phosphoglucomutase (EC 2.7.5.1)

Rabbit muscle

B

Phosphorylase-a (EC 2.4.1.1)

Rabbit muscle

S

Triosephosphate isomerase (EC 5.3.1.1)

Yeast

B
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2.1.3. RADIOACTIVITY : RADIOCHEMICALS :

SPECIFIC
ACTIVITY

NAME

MANUFACUTRER

DMO
5,5-Dimethyl (2-14C) oxazolidine-2,4 dione

15-25 m C i . mmole" 1

International
CIS.FRANCE

Sodium (*4C) bicarbonate

0.1 m C i . mmo!"*

Amersham

Toluene- 1 4 C

514000 dpm . g"1 ± 3 % Packard

Glycerol-14C

30mCi. mmole"*

2.1.4.

Amersham

Organisms :

Dunaliella tertiolecta Butcher (wild type) and a salt-sensitive mutant o
tertiolecta designated as HL25/8 were obtained from Prof. A.D.Brown (Department
of Biology, Wollongong University, Wollongong, Australia) and Prof. Helge Larsen
(Department of Biochemistry, Norwegian Institute of Technology, Trondheim,

Norway) respectively. The culture of D. tertiolecta was originally obtained from the
CSIRO Division of Fisheries and Oceanography, Cronulla, N.S.W., Australia (now
located at Hobart, Tasmania, Australia). The mutant H L 25/8 was isolated by Prof.

Larsen in Wollongong. It was obtained by exposing cultures of D. tertiolecta to th
mutagen nitrosoguanidine and by selecting the colonies on agar plates (1.2%, w/v in
defined culture medium , see section 2.1.5 for details) that grew on the 0.17 M NaCl
but not on the 1.2 M NaCl.
2.1.5. Stock Cultures :
Stock cultures were maintained on 1.5% w/v (for D. tertiolecta) and 1.2%
w/v (for the mutant H L 25/8) agar slopes of the defined medium of Johnson et al.
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(1968), (see section 2.1.7 for details), containing 0.17M Sodium chloride. The
stock cultures were subcultured every three weeks by transferring to new slopes. The
slopes were maintained in a temperature controlled (27 ±2°C) light growth cabinet
(photosynthetic photon flux fluence rate 90 uEinstein m

. s , determined with a

Li-Cor, LI-193 S B spherical quantum sensor).
2.1.6. Growth Medium :
The algae were grown in the defined synthetic medium of Johnson et al.
(1968) modified by the omission of vanadium ..

and increasing the phosphate

concentration to 0.73mM. Sodium chloride was added to a concentration of 0.17M,
unless otherwise stated. In some cases Tris-HCl was replaced by H E P E S - K + of the
same molarity. The 10 X stock solutions (A) of macronutrient medium were prepared
in glass distilled water,: and the p H was adjusted to 7.5 with H C 1 or K O H . A stock
solution B (100 X ) of micronutrients was prepared and an appropriate volume was
added to the medium immediately before sterilization. Stock solution A was diluted to
the required volume and autoclaved at 117.6°C for 20-25 minutes. Stock solutions of
K H 2 P O 4 and FeCl3 were autoclaved separately, and were aseptically added to the
medium just before the inoculation.
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2.1.7.
2.1.7.1.

Composition of the Complete Growth Medium :
Macronutrients :

Salt per Litre
MgCl2.6H20 1.5 gm
MgS04.7 H 2 0

0.5 gm

KC1

0.2 gm

CaCl2.2 H 2 0

0.26 gm

KN03

1.0 gm

NaHC03
* Tris (hydroxymethyl) aminomethane

.

0.043 gm

OR

2.45 gm

*HEPES 4.82 gm
**

KH2P04

2.1.7.2.

0.1 gm

Micronutrients :

Salt per Litre

EDTA.Na2 1.89 mg
** FeCl3

2.44 m g

ZnCl 2

0.041 m g

H3BO3

0.61 m g

CoCl2. 6 H 2 0

0.051 m g

CuS0 4 . 5 H 2 0

0.060 m g

MnCl 2 . 4 H 2 0

0.041 m g

(NH4)6 M o 7 024. 4 H 2 0

0.38 m g

Separately autoclaved
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2.2. GENERAL M E T H O D S :
2.2.1.
Growth Conditions, Standard
Measurements :

Inocula

and

Growth

A liquid culture (50 ml in a 100 ml Erlenmeyer flask) was seeded directly
from an agar slope, and incubated in the light as described above for one week with
internment shaking by hand (usually 3-5 times per day). This served as a preinoculum.
After one week 100 ml growth medium in a 250 ml Erlenmeyer flask was inoculated
with 5 ml preinocula, and incubated for another one week under the same conditions.
The experimental cultures were grown in 1 litre growth medium in a 2 litre
Erlenmyer flask with continuous rotary agitation (100 rev. min" 1 ) in an illuminated
cabinet (photosynthetic photon flux fluence rate 200 u E . m" 2 . s"1) at 27 + 2 ° C
(rotary shaker incubator Model 461, Paton Industries, Stepney, South Australia). A
5 % inoculum (v/v) was used for the cultures of D. tertiolecta and 1 0 % (v/v) for the
mutant (HL 25/8). A light / dark regime of 16/8 hour was used to synchronize the cell
cycle and also to avoid overloading the cells with starch granules (starch granules
were potentially able to damage the cells mechanically and interfere with the
photosynthetic measurements).
The growth rates of the cultures were determined turbidometrically, by
measuring the change in optical density at 700nm or 650 n m in the spectrophotometer
(Spectronic-20; Bausch & L o m b

or Gilford Stasar III, U.S.A.) by aseptically

withdrawing the samples from the flasks, using appropriate growth medium as blank.
Cultures of optical density greater than 0.5 were diluted with iso-osmotic sodium
chloride solutions.
2.2.2. Harvesting of the Experimental Cultures :
Before harvesting, all cultures were examined microscopically for any
possible contamination. The cultures of D. tertiolecta and the mutant (HL 25/8) were
harvested, respectively, seven and nine days after inoculation by centrifugation at
3000 r.p.m. (lOOOg) for 3-5 minutes in a refrigerated centrifuge at 5 ° C (Sorvall,
RC-5B, G.S.A. rotor head). Centrifuged cells were washed with one-tenth volume
of (original suspension volume)freshiso-osmotic growth medium, and centrifugation
was repeated. Finally cells were resuspended in a small appropriate volume of
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iso-osmotic growth medium (pH 7.5), in which Tris-HCl was replaced by 2 0 m M
HEPES-K + . Before starting the experiment, the cell suspensions were pre-incubated
for 1 hour in the same growth chamber (in which the cultures were grown) in similar
conditions.
2.2.3. Determination of Cell Number :
Cell counts were made conventionally with an improved Neubauer counting
chamber (Weber, England). Just before the counting, the algae were immobilized by
adding a crystal of iodine to the suspension.
2.2.4. Cell Volume Measurement :
Cell volume was measured by centrifuging suspensions of known
chlorophyll content in a "Trommsdorf leucocyte tube" (10 ml main volume, 20 pi
volume in the graduated bottom part) according to Gilmour et. al. (1984). Tubes were
filled with 9.5 ml of the appropriate iso-osmotic culture medium, 100-500 |il aliquots
of algal suspensions of different treatments were added on the top of the medium and
centrifuged at 1000 r.p.m. for 2-5 minutes, depending upon the salinity of the
medium. For the algae adapted/stressed in high salt concentration, usually a longer
(more than 5 min) period of centrifugation was required to sediment the algae. After
centrifugation the supernatant was discarded. The tubes were carefully cleaned and
dried by absorbenttissuepaper. The supernatant in the graduated part of the tubes was
carefully removed with a syringe. The volume of the sediment (pellet) was recorded
and corrected for the intercellular water according to Gilmour et al. (1984).

2.3. ANALYTICAL METHODS
2.3.1. Chlorophyll Estimation :
Cellular chlorophyll contents were determined in acetone extracts according
to Walker (1971). Acetone (8 ml) was added to algal suspension (2 ml), quickly
mixed with the help of a Vortex mixer (Model K-550-GE, Monitor Systems) and
centrifuged for 2 minutes at m a x i m u m speed in a bench-top centrifuge (BHG,
RotoUni II). The Absorbance of the resultant supernatant was measured
spectrophotometrically (Gilford, Stasar HI, U.S.A.) at 652 n m using an appropriate
blank.
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In the algal suspension the chlorophyll value was calculated using the following
equation:
(ig chlorophyll per ml. algal suspension=UA^22x 0.155) / 1.1111_] *l cnro

2.3.2. Protein Extraction and Estimation :
Appropriate volumes of the cell suspensions were centrifuged, cells were
extracted in 80-90% chilled aqueous ethanol and the resultant extract was kept at
-20°C for 30 minutes after centrifugation. The precipitated protein pellet was
dissolved in 0.1 N N a O H . Protein was estimated according to Lowry et al. (1951)
using crystalline bovine serum albumin as a reference standard.
2.3.3 Glucose Estimation :
Glucose was estimated enzymatically in the supernatant with a commercial
glucose oxidase (EC 1.1.3.4)(GOD-Perid) kit (Boehringer, Germany). The glucose
oxidase reagent was dissolved in water to a concentration of 5 % (w/v). This solution
(0.2 ml) was mixed rapidly with the supernatant (0.2 ml) and incubated with
continious shaking for 30 minutes at 30°C. After 30 minutes, 3.6 ml glacial acetic acid
was added, and the A ^ Q was recorded.

2.3.4. Determination of Inorganic Phosphate :
Inorganic phosphate was estimated according to Fiske and Subbarow
(1925). The extract (50ul))was quickly mixed with 950ul reaction mixture (1 : 6 : 2.5
mixture of 1 0 % w/v ascorbic acid : 0.42% w/v a m m o n i u m molybydate in 1 N
H 2 S 0 4 : 5 % w/v trichloro acetic acid). The reaction mixture was incubated at 35°C
for 90 minutes. The inorganic phosphate content was determined by measuring the
absorbance of the phosphoammoniummolybydate complex at 820 nm. The inorganic
phosphate content of the samples was interpretated from a standard curve using
K H 2 P 0 4 as a reference standard.
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2.3.5.

Glycerol Extraction

and

Estimation :

Glycerol was extracted by the repeated centrifugation and re-extraction of
cells with 8 0 % (v/v) aqueous acetone. All supernatants were pooled and pigments
were removed by adding a pinch of activated charcoal. The charcoal was removed
from the extracts by repeated centrifugation and washing with 8 0 % acetone.
Supernatants were finally dried in a rotary evaporator (Biichi type) under reduced
pressure at 40°C, and resuspended in 1-5 ml water. The extracts were immediately
frozen at -20°C. Glycerol was estimated next day (a 1 0 % loss in glycerol content
was observed if the extracts were left for more than seven days).
Glycerol was estimated enzymically from the oxidation of NADH
involving the following reaction sequences. This was
described by Wieland (1974).
Glycerol + ATP Glvcerokinase
PEP + A D P
Pyruvate + N A D H

r

modified from the method

Glycerol phosphate + ADP

Pyruvate kinase

9

Pyruvate + A T P

Lactatedehvdrogena.se ,_ Lactate + N A D +

The assay mixture containedin a final volume of 1.005 ml:
Triethanolamine buffer (pH 7.5)

71.4 m M

* MgS04

8.5 m M

* PEP
*NADH
ATP

1 mM
0.1 m M
2mM

* Pyruvate Kinase (EC 2.7.1.40)

4 Units

* Lactate dehydrogenase (EC 1.1.1.27)

5.5 Units

Glycerokinase (EC 2.7.1.30)

0.5 Units

*These components of the system were modified from the original method.
This reaction mixture was preferred to the more direct method of
glycerokinase and glycerol-P-dehydrogenase (GPDH), since the G P D H reaction
greatly favours D H A P reduction, so that glycerol-phosphate oxidation may sometimes
not go to completion even when the reaction was carried out at high pH, and while
D H A P is trapped with hydrazine and large amounts of enzymes are used.
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Some components of the reaction mixture were modified; M g C l 2 was
replaced by M g S 0 4 and N A D H was used at a final concentration of 0.1 m M rather
than 0.4 m M , since the higher concentration of N A D H is beyond the linear segment
of the Beer-Lambert law.
A sample (0.2 ml containing 0.002 -0.05 (imol glycerol) was added to the
reaction mixture (0.8 ml containing all components except glycerokinase) in a glass
cuvette. After 5 min incubation at 25°C initial absorbance at A 3 4 Q was recorded for 2
minutes followed by the addition of glycerokinase. Absorbance was recorded until the
reaction was complete.
Glycerol content was either calculated from a standard curve or by using the following
equation:
u\mol glycerol. ml" 1

=

Change in A 3 4 Q X 1.005 x Dilution factor
6.22 x Volume of the extract in assay

2.3.6. Measurement of Net Oxygen Exchange :
2.3.6.1.

Instrumental

Setup :

The net oxygen exchange was measured with two Clark-type oxygen
electrodes inserted into two water-jacketed reaction vessels maintained at 25°C. The
oxygen electrode was connected to a measuring circuit and a chart recorder
(Rikadenki, Japan) according to Delieu and Walker (1972). The algal suspension (2
ml) was stirred magnetically and illuminated where required by a Hanimex slide
projector fitted with a 150 Watt lamp. The light beam was projected through a red filter
(to prevent algal bleaching), and through a spherical foccussing lens (a round
bottomed flask filled with water). The light intensity falling on the reaction vessel was
equivalent to 75-80 Watt . m " , measured with a calibrated thermopile (Kipp &
Zonen) connected to a nanovoltmeter ( Model 148, Keithley Instr. Inc., U.S.A.).
2.3.6.2. Buffer and Resuspending Medium :

For the transition (salt and dilution stress) experiments, the following buffe
system (pH 7.5) and resuspending medium was used :
0.25 m M K H 2 P 0 4 > 0.25 m M K 2 H P 0 4 ) 0.20 m M M g C l 2 , and 2.5 m M

NaHC03
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Resuspending salt or dilution stress medium, buffer and sodium chloride solutions
were pre-evacuated under vacuum and flushed with nitrogen to remove dissolved
oxygen in the solutions.
2.3.6.3. Osmotic Stress Treatment (Salt or Dilution Stress) and the
M e a s u r e m e n t of Photosynthetic and Respiratory Net O x y g e n Exchange
(Evolution or Uptake) Rates :
A salt or dilution stress was applied in a single step according to the
protocols in tables 2.1 and 2.2. The algae, containing 40-50 jig of chlorophyll were
transfered to growth medium of a defined sodium chloride concentration, which was
achieved by adding suitable volumes of buffer and 4.46 M

stock solution of sodium

chloride.
Immediately after the onset of an osmotic stress an algal suspension (2 ml)
as well as an unstressed "control" (2 ml) was transferred to the two reaction vessels of
the oxygen electrode and lights were turned on. The rates of net oxygen exchange
were recorded and calculated as jimoles oxygen evolved or uptake m g " 1 chlorophyll
per hour.
2.3.6.4. Application of Other Solute Stresses :
Potassium chloride, sorbitol, glycerol and choline chloride were also used
separately to generate a solute stress. Unstressed cell suspension (2 ml) was
transferred to the illuminated reaction vessel of the oxygen electrode; photosynthetic
oxygen evolution was recorded for 5-10 minutes. After that appropriate amounts of the
above mentioned solutes were added to the reaction vessel and again photosynthetic
oxygen evolution was recorded. After terminating the reaction, the total final volume
of the reaction mixture was measured to correct the calculations for the rates of net
oxygen exchange. The reaction mixture was centrifuged and the osmolality of the
supernatant was measured with a Wescor 5100 C Vapour pressure osmometer.
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Table 2.1 : Table showing relative volumes of cell suspension,.
concentrated solute and buffer (see 2.3.6.2) used in the transition
experiments (salt stress) : NaCl increments used for Dunaliella
tertiolecta and the mutant (HL 25/8).
Volume of cell
suspension in
0.17 M NaCl
(in ml)

Volume of
4.46 M
NaCl in buffer
(in ml)

Volume of
buffer

Final
[NaCl]
M

(in ml)

10

5

0

1.53

10

4

1

1.20

10

3

2

1.00

10

2

3

0.70

10

1

4

0.40

10

5 volumes of 0.17 M NaCl in buffer

0.17

Table 2.2 : Table showing relative volumes of cell suspension and
buffer (see 2.3.6.2) used in the transition experiments (dilution stress):
NaCl decrements used for Dunaliella tertiolecta .
Volume of cell
suspension in
1.53 M NaCl
(in ml)
10

Volume of
4.46 M
NaCl in buffer
(in ml)

Volume of
buffer

Final
[NaCl]
M

(in ml)

5 volumes of 1.53 M NaCl in buffer

1.53

10

5

1.00

10

10

0.80

10

20

0.53
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2.3.7.

Photosynthetic

* 4 C - Carbon Dioxide Fixation :

Before starting the 14C-fixation, cell suspensions were pre-incubated for 1
hour in the temperature-controlled light cabinet with mechanical shaking. The

C02

fixation was carried out in 25 ml Erlenmyer flasks in an illuminated (photosynthetic
photon flux fluence rate 1000 jiEinstein.m'^.s"1) temperature-controlled (27 ± 2°C)
water bath. The reaction medium in which Tris-HCl was replaced with 20 m M
HEPES-K 4 " (pH 7.5) contained algae corresponding to about 170-200 jig chlorophyll
in 5 ml culture or stress medium. In most experiments (except the salt and dilution
stress experiments), cultures were pre-illuminated for 10 min before adding the
radioisotope. Photosynthetic 14C-fixation was initiated by adding 50 (il 14C-sodium
bicarbonate, 2.5 u,Ci (92.5 KBq, Amersham, England, Specific Activity 0.1 m C i .
mmole"1

(3.7 M B q . mmol" 1 ); 50 pCi . ml" 1 (1.85 M B q . ml" 1 ) to the final

concentration of 5 m M .
When CO2 - incorporation was done under steady state iso-osmotic
conditions (for the turnover rate of the glycerol pool experiments) cultures were
pre-illuminated for 10 minutes before the radioisotope was added. In salt and dilution
stress experiments, the isotope was added immediately after the onset of an appropriate
osmotic stress. The flasks were shaken mechanically during 14c02-fixation. After an
appropriatetime,photosynthesis was stopped by rapidly adding 25 ml boiling ethanol
(96% v/v, containing 0.05 M HC1). The mixture was extracted with ethanol. In some
experiments the reaction was stopped by adding 1 ml perchloric acid (70%).
Extracts were centrifuged and the supernatants were dried in a Biichi type
rotory evaporator under reduced pressure at 40°C, and resupended in a known
volume of 8 0 % ethanol. This step was neccessary to concentrate the extracts for thin
layer chromatography and to get rid of excess salt which would have otherwise
interfered in the chromatography.
The pellet, insoluble fraction was washed twice with 9 0 % ethanol and
resuspended in water (2 ml). Appropriate volumes of soluble fractions were dried
before counting in the glass vials or in the plastic scintillation vials under infra-red
lamps (Phillips, Holland, 150 W , 150 R, D3) and resuspended in water (200 pi). The
insolublefractionswere counted without drying.
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2.3.8.

Separation of 1 4 C - Labelled Metabolites :

Radioactive 14C-labelled products of photosynthesis were separated by thin
layer chromatography. Activated 0.25 m m thick pre-coated Silca Gel-G plates (20 x 20
cm, Uniplate, Analtech, Newark, U.S.A.) were used throughout this project.
Glycerol was separated by one-dimensional thin layer chromatography,
using a mixture of propanol: ammonia : water (6:2:1 v/v) as solvent system (Zweig
and Sherma 1972). Other photosynthetic metabolites were separated by
two-dimensional thin layer chromatography using phenol: water (75 : 25 v/v) for the
first direction and a mixture of propanol : ammonia : water ( 6 : 2 : 1 v/v) for the
second direction (Zweig and Sherma 1972). After running the first direction, the plates
were air dried in the fume cupboard for two days. The plates were autoradiographed
on Kodak-XOMAT

no screen films. After three months of exposure, autoradiograms

were developed (in Kodak liquid X-ray developer Type-II) and fixed (in Kodak liquid
X-ray fixer and replenisher). The areas of Silica Gel corresponding to glycerol and
other metabolites were scrached and transferred into the scintillation vials and
resuspended in water (500 ul).
2.3.9. Scintillation Cocktail and Counting :
The scintillation cocktail was made by dissolving 4.5 gram of
Permablend-in (Packard) in a mixture of toluene : triton X-100 (666 : 333 v/v) and
stored in an amber colour bottle. For the purpose of counting the radioactivity 10 ml
scintillation cocktail was dispensed in the scintillation vials containing appropriate
samples.
2.3.10. Measurement and Counting of the Radioactivity :
Radioactivity was measured on the single 14C-channel in a liquid
scintillation spectrometer (Packard C 2425, Tricarb). Counting efficiency was
determined with an internal standard (14C-toluene , 445*1 d p m .

|il), and the

results were corrected for the counting efficiency. Generally the counting efficiency of
the counter was 80-85% with a background of 15-17 C P M .
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2.3.11 :

Lipid Extraction and The Quantification of Glycerol in the

Glycerolipids :
To determine the contribution of glycerol-3-phosphate from photosynthesis
to glycerolipid biosynthesis, glycerolipids were hydrolysed and glycerol contents in
the glycerolipids were quantified according to following scheme :
2.3.11.1 Incorporation of *4C- into Glycerolipids :
14

C-fixation was carried out as described in section 2.3.7 for 0, 15, 30,

and 60 min. The reaction was stopped by adding five drops of 2 N HC1 to remove
unfixed N a H 1 4 C 0 3 - Cell suspensions were quickly centrifuged. The supernatant was
discarded and pellet was extracted for total lipids.
2.3.11.2 Extraction of Total Lipids :

(A) The pellet was extracted in 5 ml acidified mixture of methanol: chlorofor
(2:1, v/v). The extract was centrifuged after 15 min and the supernatant was
withdrawn. The pellet was re-extracted with 5 ml mixture of methanol: chloroform
(2: 1, v/v) for 30 min and after centrifugation supernatant was withdrawn and pooled.
(B)

Pooled supernatants were transferred to a 100 ml separating funnel, and 1 %

NaCl (3 ml), water (3 ml) and chloroform (6 ml) was added.
(C)

The separating funnel was shaken for 5 min and chloroform phase was

allowed to settle down.
(D)
The chloroform phase was collected in a conical flask.
(E)

Chloroform (6 ml) was added to the separatory funnel and step C and D

were repeated. This step was also repeated twice.
(F)

Anhydrous sodium sulphate (1 gram) was added in the chloroform phase.

Corneal flask was shaken until chloroform phase became clear.
(G)

The chloroform phase was filtered through a Whatman No. 1 filter paper.

The filter paper was washed fourtimeswith chloroform. The filterate (chloroform
phase) was transferred in to a Quick-Fit flask.
(H)

Chloroform was evaporated under vacuum in a rotary evaporator (Biichi

Type) at 35°C. Total lipids were dissolved in 5 ml mixture of methanol: chloroform
( 1 : 1 , v/v) and stored in a 10 ml tube (fitted with a teflon lined screw top)
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2.3.11.3.

Hydrolysis of Glycerolipids :

(A) With a slow stream of nitrogen lipid extract (2 ml) was dried in a small g
vial. After drying, 2 N HC1 (1 ml) was added in the vial. The vials were immediately
sealed in vacuum.
(B)

Glycerolipids were allowed to hydrolyse in oven (125°C). After 48 hours

of hydrolysis, tops of the vials were cut and H C 1 was evaporated with a stream of
warm nitogen.
2.3.11.4. Extraction of Glycerol from the Lipid Hydrolysate :
(A) Water (1 ml) was added in the vials and free glycerol was dissolved using
Vortex mixer. The supernatant was withdrawn.
(B)

After step A, 1 ml mixture of chloroform : water (1:1, v/v) was added in

the vials. After dissolving the residue resultant solution was centrifuged. The water
soluble fraction was withdrawn. This step was repeated once more and all the water
soluble fractions were pooled.
(C)

The pooled water soluble fractions werefreeze-driedand resuspended in

water (1 ml).
2.3.11.5. Separation and Assay of Glycerol :
(A) 14C-Glycerol was separated by thin layer chromatography (see section
2.3.8 for details) and quantified by measuring the radioactivity iii glycerol according
to the method described in section 2.3.8.
(B)

For determining the glycerol pool in glycerolipids, same procedure was

adopted, except that 14C-fixation was not done and glycerol was quantified and
assayed enzymically as described in section 2.3.5.

2.4. METHODS FOR THE EZYMOLOGICAL STUDIES :
2.4.1. Preparation of Crude Extracts :
The algae were harvested in late exponential growth phase by centrifugation
(1500 x g, 10 minutes at 2-4°C). Pelleted algae were resuspended in a hypo-osmotic
buffer, containing 10 m M H E P E S - N a + (pH 7.5) and 5 m M D T T , which caused
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the cells to burst. In some cases it was necessarry to omit D T T from the extraction
buffer. Cells were further fragmented in a homogenizer (Polytron, Kinematica,
Luzern, Switzerland) 3-4 cycles at 3 0 % of the maximal speed at 0-2°C and the
homogenate was kept on ice for 60 min. The homogenate was freed of pelletable
membranes by centrifugation at 50,000 x g for 30 minutes at 0 ° C in a refrigerated
Sorvall RC-5B superspeed centrifuge using an SS-34 rotor.
Aliquots (2.5 ml) of the supernatant were then applied to a pre-packed
Sephadex G-25 column (PD-10, Pharmacia, Sweden) which had been pre-equilibrated
with the extraction buffer. The same buffer was used for the elution of protein from
the column. The desaltedfractionof partially purified protein solution was used for
the assays without any further treatment.
2.4.2. ENZYME ASSAYS :
2.4.2.1.

General Conditions for the Assays :

50-300 \xl of the extracts obtained as described above, corresponding to
75-150 pg of chlorophyll per sample, were used for the enzyme assays. Standard
temperature for the assays was 30°C unless otherwise specified. It was ensured that
the reaction times and rates were linear within the investigated time and were
proportional to the enzyme added Blanks were substracted from the reaction rates. It
was ensured that in the p H profile and studies of salt resistance, the auxiliary enzymes
were never limiting. Before use, auxiliary enzymes were always freed from
a m m o n i u m sulphate by centrifugation in a benchtop microfuge and resuspending the
resultant pellet of enzyme in the assay buffer. Reduction and oxidation of the
appropriate pyridine nucleotides were assayed by measuring the change in optical
density at 340 n m (light path 1 c m ) using a Cary 210 spectrophotometer (Varian,
Palo Alto, U.S.A.).
2.4.2.2.

ct-GIucan

Phosphorylase

Assay :

a-glucan phosphorylase activity was assayed from the rate of NADP
reduction in the phosphorolytic direction in the assay system described by Bergmeyer
(1984):
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(a-1,4-Glucosyl)n+Pi Phosphorylase
Loi. -D-Glucose-1 -P
Glucose-6-P + N A D P

+

%

(a-1,4-Glucosyl)n. j + oc-D-Glucose-1 -P

Phosphoglucomutase ^

Glucose-6-P

Glucose 6 P Dehydrogenase ,. Gluconate-6-P + N A D P H

The reaction mixture contained in a final volume of 2 ml:
MES-Na+ / HEPES-Na+ buffer (standard pH 6.8)
Na2HP04

40 m M
25 m M

MgCl2

13 m M

EDTA-Na2

0.1 m M

NADP+
Soluble potato starch

0.36 m M
4.0 pM
2.0 mg

Glucose-6-P-dehydrogenase(EC 1.1.1.49)

1 Unit

Phosphoglucomutase (EC 2.7.5.1)

0.8 Units

Dunaliella extract

100-200 pi

Glucose-1,6-bis-phosphate

2.4.2.3. Amylolytic Activity :
Amylolytic activity in the Dunaliella extracts was measured by either the
formation of products with reducing residues from the breakdown of starch or by the
disappearance of starch.
2.4.2.3.1. Total Amylolytic Activity Measured as Reducing Residues
from the Starch Breakdown :
Amylolytic activity was measured by the formation of products with
reducing residues from the breakdown of starch according to Bergmeyer (1974).
The assay mixture contained in a final volume of 1 ml:
Sodium Phosphate buffer (standard pH 8.0) 50 mM
Potato Amylopectin
Dunaliella extract

5 mg
200-300 pi

68

The reaction was terminated after 15 min incuhtion at 30°C by heating the
tubes in boiling water bath for 10 minutes, followed by cooling the tubes on ice. The
reducing sugars produced were determined with 3,5-dinitrosalicylic acid according to
Bergmeyer (1974). 1 ml 3,5-dinitrosalicylic acid reagent (1 gram 3,5-dinitrosalicylic
acid was dissolved in 20 ml 2 N N a O H and diluted with 50 ml water, following the
dilution with water, 30 gram potassium sodium tartrate was dissolved and the final
volume was m a d e to 100 m l by adding water) was added and again heated in the
boiling water bath. After 10 min of colour development, the reaction mixture was
diluted with 10 ml water and optical density at A ^ 4 ^ was recorded. For determining
the change in optical density, readings of the experimental samples were substracted
from blank. The change in optical density of the dye per unit time at A ^ 4 ^ was
proportional to the enzyme activity. The enzyme activity is expressed as maltose
equivalent, determined by calibration curve.
2.4.2.3.2. Amylolytic Activity as Disappearance of Starch :
Amylase activity was determined by measuring the decline in colour at
A^QQ of the Iodine- Amylopectin complex. The reaction mixture contained in a final
volume of 1 ml :
Sodium phosphate or MES-Na+ or HEPES-K+ buffer 80 mM
(standard p H 8.0)
Potato Amylopectin
Dunaliella extract

0.5 m g
300 pi

After one hour's incubation at 37°C in a water bath the reaction, was
terminated by placing the tubes in boiling water bath for 10 min. After centrifugation,
aliquots (0.1 ml) of these samples were quickly mixed with 1 ml of the Iodine reagent
(The stock solution of the KI/I was prepared by dissolving Iodine (0.26 gram) and
potassium iodide (2.6 gram) in glass distilled water (10 ml). Just before use, stock
solution (0.5 ml) + 1 N H C 1 (0.5 ml) was diluted to a final volume of 130 ml,
prepared according to Boyer and Preiss (1978), and optical density of the resulting
solution was measured at 600 n m . The enzyme activity was expressed as
disappearp .ce of starch per unit time.
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2.4.2.4.

Assay of Maltase

Activity :

The maltase was assayed in the extracts by measuring the amount of free
glucose released per unit time. The reaction mixture contained in a final volume of 1
ml :
Sodium phosphate buffer (Standard p H 6.8)

100 m M
25 m M
200 pi

Maltose
Dunaliella extract

The reaction was terminated after one hour of incubation at 37°C by placing
the tubes in a boiling water bath, followed by immediate centrifugation. Glucose
produced by the maltase reaction was estimated according to EdgleyCSnd Brown
(1983).
2.4.2.5. Phosphofructokinase Assay :
PFK activity was assayed according to Kelly and Latzko (1977) by
measuring the rate of N A D H oxidation in a "coupled" system involving the following
reaction sequence:
Fr-6-P + A T P

PFK

,

Fr-1,6-P

Aldolase

GAP

TIM

^ GAP
, DHAP
, Gly-P +NAD+

DHAP+ N A D H

Glv-3-P D H

Fr-1,6-P + ADP

Fructose-6-P

Fr-6-P

Fructose-1,6-diphosphate

Fr-1,6-P

Glycerol phosphate

Gly-P

Phosphofructokinase

PFK

Dihydroxyacetone phosphate

DHAP

Glyceraldehyde phosphate

GAP

Triose phosphate isomerase

TIM

Glycerol-3-phosphate dehydrogenase

Gly-3-P D H
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The reaction mixture contained in 1 ml :
Buffer system (MES or H E P E S or Imidazole

80 m M

Whichever was appropriate)
MgCl2

3 mM

D-Fructose-6-phosphate

3 mM

NADH

0.1 m M

Aldolase (EC 4.1.2.13)

1 Unit

Hexose-P-isomerase(EC 5.3.1.9)

1 Unit

Triose-P-isomerase (EC 5.3.1.1)

12 Units

cc-Glycero-P-dehydrogenase (EC 1.1.1.8)

1 Unit

Dunaliella extract

200 pi

The reaction was initiated by the addition of 0.6 m M ATP. The enzyme activity was
calculated from the change in optical density at 340 nm.
2.4.2.6. 6-Phosphogluconate Dehydrogenase Assay :
6-Phosphogluconate dehydrogenase (EC 1.1.1.44) was assayed by
monitoring the N A D P reduction at 340 n m according to Simcox and Dennis (1978).
6-P-gluconate + N A D P + ^

^ Ribulose-5-Phosphate + N A D P H

The reaction mixture contained in a final volume of 1 ml.:
HEPES-Na+ buffer (pH 7.5) 100 mM
6-P-gluconate (Sodium salt)

1 mM

MgCl2

10 m M

NADP"*'

0.4 m M

Dunaliella extract

100 pi

The reaction was initiated by the addition of enzyme extract. All activities
were corrected for N A D P + reduction in the absence of 6-phospho gluconate.
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2.4.2.7.

Glucose-6-Phosphate Dehydrogenase

Assay :

Glucose-6-phosphate dehydrogenase activity was assayed by monitoring
the N A D P reduction at 340 n m according to Bergmeyer (1974).

Glucose-6-phosphate + NADP+ ^ ^ 6-P-Gluconate + NADPH
The reaction mixture contained in a final volume of 1 ml:
H E P E S - N a O H buffer (pH 8.0)

100 m M

Glucose-6-Phosphate

12 m M

MgCl2

0.2 m M

NADP

0.4 m M

Dunaliella extract

100 pi

The reaction was initiated by the addition of enzyme extract. All activities
were corrected for N A D P reduction in the absence of Glucose-6-phosphate.
2.4.2.8. Glycerol-3-Phosphate dehydrogenase Assay :
Glycerol-3-phosphate dehydrogenase activity was assayed by monitoring
the N A D H oxidation or N A D reduction at 340 n m according to Gancedo et al. (1968).

DHAP + NADH ^ ^ Glycerol-3-phosphate + NAD+
The reaction mixture contained in a final volume of 1 ml:
Tris-Cr or H E P E S - N a O H buffer (pH 7.5)

120 m M

Dihydroxyacetone phosphate (Li salt) O R
Glycerol-3-phosphate

NADH
NAD

1.2 m M
100 m M

OR

0.1 m M
2mM

Dunaliella extract

100 pi

The reaction was initiated by adding the appropriate pyridine nucleotide coenzy
incubation of the enzyme for 3 minutes at 26°C with all reagents including one or
other of the primary substrates. All activities were corrected for NAD1H reduction or
N A D ^ H oxidation in the absence of D H A P or Glycerol-3-phosphate.
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2.4.2.9.

Glycerol-3-Phosphate Phosphatase Assay :

Glycerol-3-Phosphate phosphatase was assayed essentially according to
Gancedo et al. (1968).
DL-Glycerol-3-Phosphate +H20 ^ Glycerol + Pi

The reaction mixture contained in a final volume of 1 ml:
Imidazole buffer

100 m M

MgCl2

0.25 m M

DL-Glycerol-3-Phosphate

14 m M

Dunaliella extract

100 pi

The reaction was started by the addition of the Dunaliella extract. Samples
(50pl) were withdrawn at intervals (1-5 min) and assayed conventionally for inorganic
phosphate by measuring the blue colour of the phosphoammoniummolybydate
complex at 820 n m according to Fiske and Subbarow (1925). See section 2.3.5. for
details of the method of inorganic phosphate determination.
2.4.2.10. Glycerol Dehydrogenase Assay:
Glycerol dehydrogenase for glycerol oxidation was assayed by measuring
the reduction of N A D P at 340 n m according to Borowitzka and Brown (1974).

Glycerol + NADP+ ^ ^ Dihydroxyacetone + NADPH
The assay mixture contained in a final volume of 1 ml:
HEPES-NaOH buffer (pH 7.5) 100 mM
Glycerol

2.4 M

NADP

ImM

Dunaliella extract

100-200 pi

The reaction was initiated by the addition of NADPt All activities were
corrected for N A D P reduction in the absence of glycerol.
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Measurement of Carbonic Anhydrase Activity :

2.4.2.11.

For the assay of carbonic anhydrase activity, the algae were suspended in
HEPES-NaOH buffer (10 m M , p H 7.0 ; 10 ml) to a chlorophyll value of 50-80 pg
ml"1 algal suspension. Enzyme activity was measured either on the cell surface in the
suspensions or in the crude extract. The crude extract was prepared after disrupting the
cells with Polytron at 3 0 % of the maximal speed at 0-2°C for two or three cycles of
30 seconds.
Carbonic anhydrase activity was assayed essentially according to Wilbur
and Anderson (1948) with some minor modifications. The enzyme preparation (cell
suspension or extract, 0.1 ml) was mixed with veronal buffer at 2°C (17.2 m M , p H
8.2; 2.9 ml) containing sodium chloride at the specified concentration. The reaction
was started by adding, also at 2°C, a saturated aqueous solution of carbon dioxide
(2.0 ml) containing sodium chloride at a concentration as specified. Thetimerequired
for the reaction mixture/solution to change from p H 8.0 to 7.0 was recorded. A unit of
enzyme activity is defined as (T 0 - T) / T, where T 0 and T denotes the time to change
the p H from 8.0 to 7.0 in the absence and presence respectively of the enzyme
preparation. For blank a boiled preparation of enzyme was used. All activities were
corrected by substracting the blank readingfromthe samples.
2.5. EXTRACTION AND ASSAY OF THE METABOLITES :
2.5.1.

Extraction :

Metabolite concentrations in the light and dark were determined for algae
adapted to 0.17 M NaCl and also after exposure to a salt stress (30-60 min) of a final
NaCl concentration of 0.77 M . Except for the determination of glycerol, immediately
before the experiment the algae were resuspended in a phosphate-free culture medium.
After the relevant treatment (in a one step salt stress from 0.17M to 0.77M NaCl) and
time, cold perchloric acid (final concentration 13.7%, w/v) was rapidly added to the
algal suspension. Cold perchloric acid was choosen to achieve the most rapid killing of
the cell, the metabolic quenching and extraction of metabolites. The extracts were
centrifuged and the supernatant was neutralized by a solution of triethylamine (1M) in
K O H (5M). Precipitates of K C 1 0 4 were removed by centrifugation. The clear
supernatants were immediately stored at -85°C in the deep freezer and stored until
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assayed. Internal solute concentrations were calculated with the assumption thatextracellular fluid accounted for 3 0 % of the measured pack cell volume. Extracts were
concentrated at least 20-25 fold byfreeze-dryingto give a measurable concentration of
glycerol-3-phosphate and P G A .

2.5.3. Determination of PGA :
PGA was determined enzymically from the change in extinction of pyridine
nucleotide at 340 n m according to Lilley et al. (1985).
The reaction mixture contained in a final volume of 1 ml:
H E P E S - K O H (pH 7.6)
MgCl2

KC1
EDTA Na2
DTT
ATP
NADH

50 m M
15 m M
10 m M
ImM

4mM
6mM

Phosphocreatine

' 0.5 m M
50 m M

Creatine phosphokinase

2.5 Units

Glyceraldehyde-3-P D H

5.0 Units

Phosphoglycerate kinase

5.0 Units

The reaction was initiated by adding auxilliary enzymes. The results were
corrected for the oxidation of N A D H in blank.
2.5.2. Determination of Glycerol-3-Phosphate :
Glycerol-3-Phosphate was estimated enzymically from the change in
extinction of pyridine nucleotide at 340 n m according to Bergmeyer (1985).
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The reaction mixture contained in a final volume of 1 m l :
Hydrazine-glycine-EDTA buffer (pH 9.5)
Hydrazine sulfate ]

190 m M

Glycine

]

470 m M

EDTANa2

]

2.7 m M

NAD+
Glycerol-3-P D H

2.3 m M
1 Unit

The reaction was initiated by adding glycerol-3-P DH. The results were corrected
the reduction of N A D + in blank.

2.6.

Determination of the Internal p H of Dunaliella Cells :

The internal pH of Dunaliella was calculated from the equilibrium
distribution of 14C-5,5-dimethyl oxazolidine-2,4-dione ( D M O ) between the cells and
the medium. Algal suspensions (1-2 ml, corresponding to 300-900 pg of chlorophyll)
were incubated for 2-4 hours with 1 4 C - D M O (0.3 pCi x ml" 1 , specific activity 54.3
pCi x pmol" 1 ). Samples of the suspensions (0.1-0.3 ml) were then applied to the top
of the leucocyte tubes filled with 10 ml of iso-osmotic, but unlabelled culture medium
and centrifuged immediately (3 min,room temperature, 3000 r.p.m. in a bench top
B H G RotoUni n centrifuge) according to Gilmour et, al. (1984). Packed cell volume
(PCV) was measured and the supernatant was carefully removed with a syringe
needle. The internal surface of the each tube was wiped dry with a tissue paper after
which the pellet was extracted with 1 ml trichloroacetic acid (10% w/v). The resulting
suspension was briefly centrifuged and the radioactivity was assayed in the
supernatant with a correction for the zero time. Internal p H was calculated according to
Heldt (1980).
2.7. Measurement of the Buffer Capacity of Dunaliella Cells :
The algae were grown and adapted in different NaCl concentrations.
Cultures (250 ml) containing 5-10 m g equivalent of chlorophyll were harvested as
described in section 2.2.2, and the pellet was resuspended in appropriate small
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volume. Chlorophyll content in a known packed cell volume (PCV) was determined.A known volume (PCV) of the algal suspension was diluted with 10 ml iso-osmotic
solution of NaCl, and centrifuged at low speed for 10 min. The supernatant was
discarded and the cells were again resuspended in 10 ml iso-osmotic NaCl solution
and centrifuged. This process was repeated twice, with final centrifugation at high
speed 5000 r.p.m. (in a B H G RotoUni II benchtop centriguge). The cells were
osmotically shocked by resuspending the pellet in water (2.5-4.0 ml) and the resulting
suspensions were kept in ice. After 10 min the suspensions were centriguged at 5000
r.p.m. The supernatant was carefully removed and pellet was resuspended in water
(2.5 ml). To bring down the p H to 8.5-9.0, 0.1 N N a O H (10-50 pi) was added to
both the fractions. The buffer capacity in the supernatant and pelleted fraction was
measured by titrating with 0.1 N HC1, using 2.5-5.0 pi volume at one time. Buffer
capacity was finally determined by plotting the volumes of 0.1 N HC1 against the pH,
and calculating the number of moles of H + required per liter cell volume per p H unit
in the range of p H 6.8-7.2 and 7.5-8.0.

CHAPTER 3
GROWTH RATE CHARACTERISTICS AND SOME
OTHER PHYSIOLOGICAL DETERMINANTS OF
PARENT STRAIN AND THE HL 25/8 MUTANT
OF Dunaliella tertiolecta

G R O W T H RATE CHARACTERISTICS AND SOME OTHER
PHYSIOLOGICAL DETERMINANTS OF PARENT STRAIN
A N D H L 25/8 M U T A N T

O F Dunaliella tertiolecta

3.1 : Introduction :
Many papers have been published about the optimal growth conditions for
several different species of Dunaliella (MacLachlan and Yentsch 1959; Masyuk and
Yurchenko 1962; Yurina 1967; Loeblich 1970; Davis 1970; Wallen and Green 1971;
VanAuken and McNulty 1973; Borowitzka and Brown 1974; Briiggemann et al. 1978
Marano et al. 1978). However, the possibility of genotypic strain variations for the
specific requirements of some physiological parameters can not be completely
overruled, for example, relative large variations in the average cell volume occur in
the continuously illuminated cultures of D. parva (Rabinowitch 1975) and the optimal
temperature requirement of bacteria and algae usually changes with the ionic
composition of the medium (Biebl 1972; Christopherson 1973; Alexandrov 1977).
The first step, before undertaking any biochemical studies of
microorganisms is to understand the general physiology of the organism such as
growth rates in different experimental conditions and other specific requirements for
optimal growth and maintenance (Tamiya 1966).
This chapter reports the growth rates in different experimental conditions
and some of the physiological determinants of parent strain of D.tertiolecta and the
salt-sensitive H L 25/8 mutant of D. tertiolecta (isolated by Prof. Helge Larsen, see
methods section 2.1.4).
3.2 : Methods :
Cultures of both the parent strain and the salt-sensitive HL 25/8 mutant of
D.tertiolecta, were grown at two salt concentrations 0.17M and 0.7M NaCl (as
described in sections 2.2.1 -2.2.2). S o m e cultures were grown in the specified
conditions; such as with or without sparging with air and 5 % (v/v) mixture of C 0 2 in
air, with or without the addition of 100 p M acetazolamide and sulphanilamide
(inhibitors of carbonic anhydrase) in growth medium, different incubation
temperatures (15°C, 25°C and 35°C), and different concentrations of bicarbonate and

79

sodium chloride. Growth rates were determined turbidometrically, by measuring the
change in optical density at (700nm or 650 n m ) in a spectrophotometer (Spectronic-20;
Bausch & L o m b or Gilford Stasar III, U.S.A.) by aseptically withdrawing the
samples from the flasks, using appropriate growth medium as blank. Cultures of
optical density greater than 0.5 were diluted with sodium chloride solutions of
appropriate concentrations.
The other analytical methods used were essentially the same as described in
Chapter 2.
3.3 : Results and Discussion :
Axenic cultures of the parent strain and of the salt-sensitive HL 25/8 mutant
of D. tertiolecta were used throughout this investigation. Normally, the inocula were
grown to mid-exponential phase in the media containing 0.17 M NaCl, and used to
inoculate the growth media with a range of salt concentrations.
3.3.1 : Growth Rate Characteristics :
The growth rates of the parent strain and of the HL 25/8 mutant of D.
tertiolecta, grown and adapted in the media containing different concentrations of NaCl
are shown in Figure 3.1. The parent strain showed optimal growth in the media
containing 0.5 M NaCl and increasing the salinity of the medium had a very little or
no effect on the final growth of the organism. The H L 25/8 mutant showed only about
one third to one half growth than the parent strain, and was very sensitive to increasing
salinity (Figure 3.1). The growth rate of the HI 25/8 mutant was decreased
progressively with the increasing salinity, and did not grow at 1.2 M

NaCl

concentration (results not shown).
When the cultures of the parent strain and of the HL 25/8 mutant of D.
tertiolecta were grown at different salinities by varying the concentration of sodium
bicarbonate in the media, no marked difference in the growth was observed in the
parent strain, but the H L 25/8 mutant showed better growth and the differences were
more pronounced at higher salinities (0.7 M NaCl) Figures 3.2 a-c. At high salinities
C O 2 has a decreased solubility in the media, and the mutant has very little carbonic
anhydrase activity on the cell surface (in low C02-air grown cells), (see c hpter 4). In
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Figure 3.1 : Growth of parent strain and the H L 25/8 mutant of D.
tertiolecta in the growth medium containing (A) 0.17 M NaCl,
(B) 0.5 M NaCl, (C) 0.7 M NaCl, (D) 1.0 M NaCl.
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Figure 3.2 a : Growth of parent strain (A) and the H L 25/8 mutant (B)
of D. tertiolecta in the growth medium containing sodium bicarbonate
concentrations.
The algae were grown and adapted in the medium containing 0.17 M
NaCl

20

o

i
1-0

o

0-5

o

1

1
•

0.5 mM
A 1.0 mM
„„ | NaHCOo

E
c
o

o 3.0 m M \
• 5-0 mM

A.

m
(0

I<
>h-

z

0-1

UJ

G

B

<

O
Q.

1.0

O

•
•

o

o

•

•

0-5

•

o

o

o

t
0-1*0

4

TIME

/

x6

(DAYS)

°

Figure 3.2 b : Growth of parent strain (A) and the H L 25/8 mutant (B)
of D. tertiolecta in the growth medium containing sodium bicarbonate
concentrations.
The algae were grown and adapted in the medium containing 0.4 M
NaCl
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Figure 3.2 c : Growth of parent strain (A) and the H L 25/8 mutant (B)
of D. tertiolecta in the growth medium containing sodium bicarbonate
concentrations.
The algae were grown and adapted in the medium containing 0.7 M
NaCl
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Dunaliella carbonic anhydrase is located on the cell surface which facilates the
conversion of bicarbonate to C O 2 (Miyachi and Aiazawa 1984). The availability of
C O 2 seems to be the key factor for lower growth. The extensive differences in the
growth rates of the mutant at higher salinities and bicarbonate concentrations probably
reflect increased availability of C O 2 to the cells in these conditions.

From these results, it appears that exponential growth of the organism
usually follows a biphasic growth pattern. Thefirstinitial rapid exponential growth
rate followed by a period with relatively slower growth (some what lower exponential
growth rate). In Figure 3.1 linear line represent exponential growth rate in log scale.
In most cases, the second growth phase usually exhibited the arithmetic growth (plots
not shown). The arithmetic growth is normally a consequence of a constant rate of
supply of a rate-limiting component of a culture. Based on the growth studies of the
parent strain and of the H L 25/8 mutant of D. tertiolecta, B r o w n (personal
communication) suggested that arithmetic growth seems to be a consequence of
C02-limitation.

Figure 3.3 shows the growth rates of the parent strain and of the HL 25/8
mutant of D. tertiolecta grown at different salinities with or without sparging the air,
or 5 % (v/v) mixture of C O 2 in air. W h e n cultures were sparged with air, the growth
rates of both the parent strain and of the H L 25/8 mutant of D. tertiolecta were slightly
higher than unsparged cultures. O n the other hand, w h e n the cultures were sparged
with a 5 % (v/v) mixture of C O 2 in air, the growth rates were significantly higher and
sparging increased the exponential growth rate in both cases. The differences in
growth rates were more extensive in the H L 25/8 mutant. Another interesting point is,
w h e n sparged with 5 % (v/v) mixture of C O 2 in air, the H L 25/8 mutant grew above
1.0 M NaCl, whereas it was incapable of sustaining the growth above this salt
concentration without sparging.

The growth rate of the mutant was more sensitive to temperature variations
than the parent strain (Figure 3.4). In the parent strain the optimum temperature for
growth changes cahnges with the salinity of the medium, at lower salinities (0.17-0.4
M NaCl) it was close to 25°C, but at higher salinities (0.7-1.0 M NaCl) it increased to
35°C. The H L 25/8 mutant had a optimum temperature for growth of 2 5 ° C at all the

Figure 3.3 : Growth of parent strain (closed symbols) and the H L 25/8
mutant (open symbols) sparging with air (• D ), without sparging air
or C O 2 ( •

O

), and 5 % mixture of C O 2 and air (• A ) in the

growth medium containing (A) 0.17 M NaCl, (B) 0.4 M NaCl, (C) 0.7

M NaCl, (D) 1.0 M NaCl.
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25/8 mutant (open symbols) at 15°C ( A A ) , 25°C ( • O ),
35°C (• • ) in the growth medium containing (A) 0.17 M NaCl,
(B) 0.4 M NaCl, (C) 0.7 M NaCl, (D) 1.0 M NaCl.
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of D. tertiolecta in the growth medium containing 100 p.M
Acetazolamide and sulphanilamide. The alage were grown and adapted
at 0.17 M NaCl.
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Figure 3.5 b : Growth of parent strain (B) and the H L 25/8 mutant
(A) of D. tertiolecta

in the growth medium containing 100 p M

Acetazolamide and sulphanilamide. The alage were grown and adapted
at 0.7 M NaCl.
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salinities. At all salinities the growth of both the parent strain and of the H L 25/8
mutant of D. tertiolecta was significantly reduced at lower temperature (15°C). The
results are consistent with Gimmler et al. (1981) w h o also observed that the optimum
temperature for growth increased from 25 to 32°C when D. parva was adapted from
0.3 M to 3.0 M NaCl.

The addition of 100 pM acetazolamide or sulphanilamide (inhibitors of
carnonic anhydrase, Carter 1972; Koenig et al. 1980) in the growth media containing
0.17 M or 0.7 M NaCl, caused a significant reduction in the growth of both the parent
strain and of the H L 25/8 mutant of D. tertiolecta (Figures 3.5 a and 3.5 b). The
reduction in growth was more pronounced in the H L 25/8 mutant. The growth
inhibition caused by two inhibitors was of relatively same order. The reduction in the
growth due to the inhibitors seems to be a reflection of impaired carbon dioxide
transport (see chapter 4 for more details).
In general, the growth characteristics and salt relations of the mutant
obtained in this study are consistent with a previous investigation by A.D. Brown
(personal communication).
In conclusion the experimental results of the growth experiments
demonstrate:
(1)

That the growth rate of the H L 25/8 mutant is sensitive to salt concentration

in a range (0.17-1.0 M NaCl) in which the parent strain is not, with an apparent
growth optimum in the region of 0.17 M NaCl (Figures 3.1, 3.2 a, 3.2 b, 3.2 c, 3.3,
and further results not shown).
(2)

The growth rate of the parent strain is relatively insensitive to salt

concentration, with a growth optimum in the range of 0.4-0.7 M N a C l .
(3)

Gassing with 5 % mixture of C O 2 in air extended the duration of exponential

growth rate of both the parent strain and the mutant
(4)

The growth rate of the H L 25/8 mutant was increased with higher

bicarbonate concentration and also on gassing with a 5 % mixture of C O 2 in air;
higher bicarbonate concentration and gassed cultures were capable of sustaining
growth in 1.0 M NaCl, whereas ungassed cultures were not. O n the other hand,
higher bicarbonate concentration had no marked effect on the growth of the parent
strain, but gassing with 5 % mixture of C O 2 in air increased thefinalgrowth of the
organism.
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(5)

At higher salinities the optimum temperature for growth of the parent strain

increases from 25 to 35°C, suggesting that the temperature requirement changes with
the changing salinity; but the mutant has a optimum temperature for growth of 25°C at
all salinities.
(6)
Carbonic anhydrase inhibitors reduce the growth of both the parent strain
and of the H L 25/8 mutant of D. tertiolecta by imposing restrain on the carbon dioxide
transport from the media to the inside the cells (see chapter 4 for more details).
The following observations were also made during the experimentation of
this project (results not shown):
(1)
Both, the D. tertiolecta and the mutant grew best in the p H range of
7.4-7.8.
(2)

After five days of continuous illumination, cells were fully loaded with

starch granules which m a d e them fragile as judged by breakage of cells during
centrifugation at low speed.
(3)

The cell number did not increase uniformally under continious illumination

and the cells were usually at different stages of growth and division.
(4)

W h e n shaking the cultures continuously in a rotary incubator, 100

oscillation per minute were found to be the most suitable. Higher oscillation rates
caused cell damage.
(5)

A light-dark regime of 16-8 hours was found to be most suitable for

growing the algae for biochemical experimentation.
(6)

Cell numbers remained almost constant during the light period. Division

commenced

two hours after the start of dark period as found previously by

Briiggeman et al. (1978).

3.3.2 : Other Physiological Determinants :
Table 3.1 summarizes some of the physiological determinants of the parent
strain and of the H L 25/8 mutant of D. tertiolecta grown and adapted in the media
containing 0.17 M or 0.7 M NaCl.
The chlorophyll content per cell increased (by about 8%) when the algae
were adapted to higher salinity. The H L 25/8 mutant contained less chlorophyll per cell
than the parent strain. The algae grown at high salt concentration usually have a higher
chlorophyll content per cell than the algae grown at low salt concentration, and thus
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able to absorb more light per cell (Briiggemann et al. 1978). In the H L 25/8 mutant
both the C02-assimilation and photosynthetic oxygen evolution were about 2.5-3.0
times lower than the parent strain, whereas the dark respiration was higher than the
parent strain at o.7 M NaCl. At 0.7 M NaCl, the rates of CO2-assimilation and
photosynthetic oxygen evolution were different for u n k n o w n reasons. The
photosynthetic oxygen evolution increased with increasing salinity of the medium in
which the alage was adapted up to 1.2 M NaCl (Figure 6).
Both photosynthetic oxygen evolution and dark respiration were affected
by the age of the culture. The net rate of oxygen evolution or uptake decreased
progressively with the age of the culture (Figure 7). This suggests that ageing of the
cultures casued substantial reduction or inhibition of the metabolic rates. Therefore it is
important for biochemical studies that cultures of same age should be used. The lower
anabolic rates (photosynthesis) and higher catabolic rates (respiration) of metabolism
in high salt concentration might be another possible reason w h y the mutant was not
capable of growing at high salanity (Table 3.1). It was decided that 7 day old cultures
would be used throughout this project. In the H L 25/8 mutant, carbonic anhydrase
activity per cell was about one-third (0.17 M NaCl) and one-fifth (0.7 M NaCl) of the
parent strain, causing restraint on carbon dioxide transport (see chapter 4 for more
details).
The cell volume of the parent strain and of the HL 25/8 mutant of D.
tertiolecta was similar and increased slightly when adapted to higher salinity (from
0.17 M

to 0.7 M

NaCl) see Table 3.1, although A.D. B r o w n (personal

communication) observed that H L 25/8 mutant was about 2 5 % larger than the parent
strain. The discreprency in the cell volume of the H L 25/8 mutant observed in this
study and by B r o w n is possibly due to different methods used for cell volume
measurements. B r o w n measured the cell volume microscopically, whereas in this
study cell volume was derived from the packed cell volume after centrifuging the cell
suspension. The cell volume of D. tertiolecta is of the same order as its other species
(Katz and Avron 1985). The values of packed cell volume per unit chlorophyll
measured with "Trommsdorf leucocyte tubes" were largest when adapted to 0.34 M
NaCl (Figure 8). The decrease in cell volume per unit chlorophyll could be a reflection
of increased chlorophyll contents per cell at higher salinities (see Table 3.1)
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Table 3.1 : Some physiological determinants in the cultures of parent
strain and salt-sensitive H L 25/8 mutant of D. tertiolecta at two
representative NaCl concentrations of the medium.The algae were
grown and adapted in a growth medium containing either 0.17 M or 0.7
M NaCl for a period of seven days.
Parent Strain
Physiological determinants
for D. tertiolecta

Mutant

[NaCl] M
0.17 M

0.7 M

0.17 M

0.7 M

Cell Number
1 0 8 Cells . m g " 1 Chi.

5.5

5.1

7.0

6.2

Cell Volume (10"15.1)

330

375

345

379

Chlorophyll Content
(pg Chlorophyll x Cell"1)

1.81

1.96

1.42

1.60

Protein Contents
(pg Protein x Cell-1)

26.3

29.8

23.6

23.9

Glycerol Pool
(fmol glycerol x Cell"1)

12.3

113.1

11.1

101.1

59
106

72
141

29
40

28
44

67
132

27
38

20
32

18.1
35

18.8
27

27.5
44

11
16

8
13

CO2-Assimilation
(pmol.CO2.mg"1 Chi. h"1)
(fmol. C 0 2 x Cell" 1 ^ 1 )

Photosynthetic Oxygen Evolution
(p-mol. 0 2 .mg- 1 Chi. h"1)
(fmol. 0 2 x C e i r 1 h - 1 )

58
105

Dark Respiration (Oxygen Uptake)
(prnol. 0 2 .mg"1 Chi. h"1)
(fmol. 0 2 x Cell'1 h"1)

19.4
35

Carbonic Anhydrase Activity on the Cell Surface
(Units, mg" 1 Chi.)
CnUnits. xCell"1)

25
45

35
69

Figure 3.6 : Rate of photosynthetic oxygen evolution of D. tertiolecta
(Parent strain) grown and adapted in the growth m e d i u m containing
specified concentrations of NaCl.
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Figure 3.8 : Packed cell volume of D. tertiolecta (parent strain)
grown and adapted in the growth m e d i u m containing specified
concentrations of NaCl.

Figure 3.9 : Kinetics of volume changes in D. tertiolecta (Parent
strain) after a salt stress. The cells were grown and adapted in the media
containing 0.17 M NaCl. Salt stress was applied in a single step
transfer to specified NaCl concentration. Each measurement was made
with in 30 to 60 seconds after the onset of a salt stress.
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Figure 3.11 : Packed cell volume of D. tertiolecta (Parent strain)
during the volume recovery after a salt stress. The cell suspensions
were kept in light for one hour and cell volume was measured after 5,
30 and 60 minutes of salt stress. The cells were grown and adapted in
the media containing 0.17 M NaCl. Salt stress was applied in a single
step transfer to specified NaCl concentration.
•

0.17 M NaCl Control

•

0.17 M NaCl to 0.4 M NaCl

•

0.17 M NaCl to 0.7 M NaCl

•

0.17 M NaCl to 1.0 M NaCl

The vertical bars shows mean (± SE). In the interest of clarity, vertical
bars are shown in one direction only.
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Dunaliella cells lack a conventional rigid cell wall. Immediately following a
salt or dilution stress in the first 30 sec to one min an immediate thermodynamic
adjustment takes place according to the law of Boyle-van't Hoff, which includes water
influx under hypoosmotic conditions (dilution stress) and water efflux under
hyperosmotic conditions (salt stress). In this phase of thermodynamic adjustment (30
sec to 1 min), D. tertiolecta (parent strain) cells behave as perfect osmometers, as can
be seen from the linear relationship between the packed cell volume of the cells and the
reciprocal value of the osmotic potential (l/7t) of the medium (Figure 3.9).
When exposed to a salt stress, cells of D. tertiolecta (parent strain) shrink, the
degree of cell shrinkage depends on the magnitude of salt stress (Figure 3.10). After
prolonged time, the cells tend to return to their original volumes. The time required to
regain the original volume can be more than one hour (Figure 3.11). Glycerol is the
major osmoticum in Dunaliella . Because of the involvement of metabolic reactions in
the metabolism of glycerol, the process of volume recovery is usually depends on the
physiological state of the cell, extent of salt stress, and incubation condition (light or
dark) of the algae (Briiggeman et al. 1978). The results of this study are consistent
with the reported values in D. parva (Gimmler et al. 1977). The cell membranes were
rupturing during the centrifugation step therefore the cell volume changes upon a
dilution stress could not be measured by this technique.

CHAPTER 4
CHARACTERISTICS OF CARBONIC ANHYDRASE
ACTIVITY IN PARENT STRAIN AND THE HL 25/8
MUTANT OF Dunaliella tertiolecta

CHARACETRISTICS OF CARBONIC ANHYDRASE ACTIVITY IN
PARENT STRAIN AND THE HL 25/8 MUTANT OF
Dunaliella tertiolecta

4.1 : Introduction :
The enzyme Carbonic anhydrase (CA) is a glycoprotein, comprising a
single polypeptide chain (Maynard and Coleman 1971). Carbonic anhydrase catalyzes
the hydration of C O 2 and the dehydration of bicarbonate ions (Lindskog et al. 1971;
Coleman 1980). The reaction is as follows :

C02 + H20 ^ ^ H2C03 ^ ^ H+ + HCO3-

The first stage (nonionic) reaction is slow in comparison with the
dissociation of carbonic acid. The chemical transformation between C O 2 and H C O 3 "
is catalyzed by following catalytic mechanism of C A (Coleman 1980):

H20

i
E-OH" + C 0 2

<=> E - O H ' - C 0 2 ** E-HCO3- c* E O H 2 + H C 0 3 "

In unicellular algae, carbonic anhydrase (CA) has been shown to play an
important role in H C O 3 " utilization (Badger et al. 1980; Spalding et al. 1983 a,b).
Since the C O 2 concentration during growth has no effect on either the mechanism of
photosynthetic C O 2 fixation or the K m ( C 0 2 ) of the principal C O 2 fixing enzyme,
Rubisco. Berry et al. (1976) suggested that air-grown algae must employ another
method for increasing the efficiency of C O 2 utilization. Recent work has
demonstrated that the appearance of both C A activity and a mechanism for the active
accumulation of Cj enables air-grown algae to photosynthesize efficiently at low
levels of Cj (Nelson et al. 1969; Badger et al. 1980). Growth at high levels of C 0 2
suppresses these activities.
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A number of microalgae, which perform C3 photosynthesis, exhibit a low
apparent K m ( C 0 2 ) for photosynthesis, provided that these organisms are grown with
air (air level of CO2). In contrast, when these cells are grown in 1-5% C O 2 , they
exhibit a high apparent K m ( C 0 2 ) and correspondingly, the activity of C A is higher in
I0W-CO2 cells than in high-C02 cells (Imamura 1981, 1983). Hoyestu and Miyachi
(1979) showed a strong correlation between C A activity and the rate of
photosynthesis under rate-limiting C O 2 concentrations in Chlorella vulgaris,
indicating that this enzyme m a y play a role in the enhanced photosynthetic
C02-fixation at low C O 2 concentrations. However, the physiological mechanism(s)
that enable the enhanced photosynthetic capacity remain unresolved. The substrate for
carboxylation of R u B P catalyzed by Rubisco is C O 2 and not H C O 3 " (Cooper et al.
1969). Similarly, Lorimer et al. (1976) showed that it is free C O 2 and not H C O 3 "
that is needed together with M g + + to maintain Rubisco in its active state. It has
recently been shown that the activity of C A in green algae (which, in the case of
Chlamydomonas

reinhardtii is located in the periplasmic space) enables fast

interconversion of Cj species (Coleman et al. 1983; Marcus et al. 1984).

In D. salina, the apparent Ktn(C02) for photosynthesis in low- CO2 cells is
very low (2 p,M) (Zenvirth and Kaplan 1981). Recently, Aizawa etal. (1985) have
demonstrated that the apparent K m ( N a H C 0 3 ) value for photosynthesis in I0W-CO2
cells of D. tertiolecta was even lower than D. salina, and was always smaller than
those of high-C02 cells. In D. tertiolecta, a substantial amount of C A activity is
located on the cell surface (Aizawa and Miyachi 1984). Carbonic anhydrase activity
has also been shown to increase at higher salinities in D. salina (Loeblich 1970) and
in D. tertiolecta (Latorella and Vadas 1973).
A detailed investigation of the growth characteristics of the HL 25/8 mutant
of D. tertiolecta, however, suggested that impaired bicarbonate transport may be
involved in diminished salt tolerance (see chapter 3). Based on the biological
characteristics of this mutant, A.D.Brown (personal communication) also suggested
the possible involvement of energy metabolism, in particular, the mechanism of
carbon dioxide fixation. Brown further suggested that C A activity of the mutant and
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the parent strain should be compared to elucidate whether or not C A has any role in
the diminished salt tolerance of the mutant.
The experiments presented in this chapter were aimed to investigate
localization of C A activity in parent strain and the H L 25/8 mutant of D. tertiolecta;
and also whether or not C A activity has any role in the diminished salt tolerance of
the mutant.
This chapter reports carbonic anhydrase activity of parent strain and the HL
25/8 mutant of D. tertiolecta grown and adapted at different salinities and growth
temperatures. Various aspects of photosynthetic metabolism in relation to C A activity
and carbon transport are also reported and discussed.
4.2 : Methods :
Usually experimental cultures were grown at 27 ± 2°C as described in
chapter 2. For the temperature profile of C A , cultures were grown at 15, 25, and
35°C, with different salinities. Appropriate amounts of additives were added in the
reaction mixture just before 14C-fixation and photosyntheic oxygen evolution, e.g.
50-500 p M acetazolamide, or sulphanilamide; free enzyme C A (EC 4.2.1.1 from
bovine erythrocytes, Type II A, Sigma) 50-500 units ml" 1 reaction mixture. For the
photosynthetic experiments a two-tail t-test (P < 0.05) was used to test the
significance of differences between the means values obtained for the control and
carbonic anhydrase treatments.
4.3 : Results :
In 0.17 M NaCl adapted intact air-grown (I0W-CO2) cells substantial CA
activity was found in the parent strain but the H L 25/8 mutant showed about half the
activity that of its parent strain (Table 4.1). W h e n these cells were broken with the
polytron, the resulting homogenate contained C A activities which were 2 0 % (parent
strain) and 1 4 % ( H L 25/8 mutant) higher than the activity measured in the intact cells.
The results indicate that in the air-grown cells of both the parent strain and of the H L
25/8 mutant, a greater proportion of C A activity is located on the cell surface (Table
4.1). W h e n cultures were grown with 5 % C O 2 in air (v/v), C A activity could not be

Figure 4.1 : Carbonic anhydrase activity in parent strain (closed
symbols) and the H L 25/8 mutant (open sybols) of D. tertiolecta
adapted to different salinities. Organisms were grown and adapted in
cultures sparged with air. The medium contained 0.5 m M N a H Q I ^ .
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detected on the cell surface, however on homogenization a little activity was detected
(2-3 Units . m g " 1 Chi.) (results not shown).
When the cultures were adapted to higher salinities, the CA activity (on a
chlorophyll basis) increased (by 4 0 % of control) in the parent strain, but
progressively decreased (by 7 5 % of control) with increasing salinitiy in the H L 25/8
mutant (0.17 M to 1.0 M NaCl) (Figure 4.1). W h e n the same results were plotted on
a protein basis, the C A activity in the parent strain increased to a m a x i m u m at 0.4 M
NaCl and than decreased slightly from 0.4 M to 1.0 M NaCl. At 1.0 M NaCl, the H L
25/8 mutant had only about one fourth activity that of 0.17 M NaCl grown cells
(Figure 4.1).
Some cultures of each strain were grown and adapted to three
representative growth temperatures and varying salinities (Figure 4.2). At all
salinities, growth of both organisms was much slower at 15°C than at 25 or 35°C
(see chapter 3). W h e n the growth temperature was increased from 15 to 25°C, the
C A activity in the suspensions of intact air-grown cells increased about three fold in
the parent strain and about two fold in the H L 25/8 mutant. The cells of both
organisms exhibited m a x i m u m optimal C A activity at 25°C (Figure 4.2). B y a further
increase in the growth temperature from 25 to 35°C, the C A activity was decreased to
about 75-85% of the maximal activity (25°C).
Acetazolamide (Diamox) and sulphanilamide are known to inhibit CA
activity. The effects of acetazolamide and sulphanilamide on C A activity on the cell
surface of air-grown cells of the parent strain and the mutant are shown in Table 4.2.
B y the addition of 1 0 0 p M acetazolamide or sulphanilamide, the C A activity was
almost completely inhibited in the suspensions of the parent strain (85-90%) and the
tr<\o-t.a.Y\t

(100%) (Table 4.2).
The effects of acetazolamide or sulphanilamide on photosynthetic
^C-fixation in the I0W-CO2 cells °^ eac ^ straui are shown in Figure 4.3. The
acetazolamide and sulphanilamide greatly inhibited 14C-fixation reaction. For
example at a concentration of 50 p.M of these two inhibitors of C A in the reaction
mixture the photosynthetic carbon fixation was reduced to about 30 and 7 % of the
control in the parent strain and the mutant, respectively. It is interesting to note that, at
any concentration tested, both inhibitors produced about the same level of inhibition.

Figure 4.2 : Carbonic anhydrase activity in parent strain (closed
symbols) and the H L 25/8 mutant (open symbols) of D. tertiolecta
adapted to different salinities and temperatures. Organisms were grown
and adapted in cultures sparged with air. The m e d i u m contained 0.5

m M NaHC03.
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The photosynthetic oxygen evolution (Figure 4.4 a) and total 14C-fixation
(Figure 4.4 b) of the parent strain and the mutant were measured with or without
addition of free enzyme C A to the cell suspensions. The rates of photosynthetic
oxygen evolution and total 14C-fixation of the parent strain increased with
increasing salinity of the medium, but decreased in the mutant. The addition of C A
(250 Units . ml" 1 ) in the reaction mixture did not affect the rate of photosynthesis in
the parent strain, however, the H L 25/8 mutant showed slightly increased rates at all
salinities. In the later case the increased rates of photosynthesis were significantly
different than the untreated control (two-tailed t-test, P < 0.05).
The mutant had higher growth rates at elevated concentrations of
bicarbonate in the the growth m e d i u m (see chapter 3). T o evaluate the effects of
increased bicarbonate concentrations on photosynthesis, andlts quantitative relation
with C A activity, it was decided to measure the photosynthetic oxygen evolution and
total 14C-fixation with or without the addition of free C A enzyme. W h e n the
bicarbonate concentration was increased from 0.5 m M to 10 m M , the H L 25/8 mutant
developed a two-fold increase in the rates of photosynthetic oxygen evolution (Figure
4.5 a) and ^C-fixation (Figure 4.5 b), whereas, only a 2 0 % increase was observed
in the parent strain. The addition of free enzyme C A to the reaction mixture did not
affect the rate of photosynthesis in the parent strain, but caused a significant (P <
0.05) increase in the H L 25/8 mutant.
While the foregoing results shown that addition of large amounts of CA
(250-500 Units . ml" 1 ) produced an affect, but the addition of lower amounts (less
than 250 Units . ml" 1 ) did not have any significant affect on the rates of
photosynthesis (results not shown).
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Table 4.1 :

Carbonic anhydrase activity in the I0W-CO2

ceIIs

°f ^-

tertiolecta. The values (Units . mg"l Chi.) are means ± S D of six
replicates of three separate experiments. Cultures were grown and
adapted at 0.17 M NaCl.

Parent Strain

I N T A C T CELLS

20.7 ± 0.9

(Cell Surface)
AFTER HOMOGENIZATION 24.9 ± 0.8 15.2 ± 0.2
(Total Activity)
CARBONIC ANHYDRASE 4.2 3.3
(Intracellular)

% CA INTRACELLULAR 17 22

H L 25/8 Mutant

11.9 ± 0.6
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Table 4.2 : Effect of Acetazolamide and Sulphanilamide on the
carbonic anhydrase activity in the I0W-CO2 cells of D. tertiolecta.
(Units . mg"*ChI.)
NaCl. C A

Cultures were grown and adapted at 0.17 M

activity was measured with or without addition of

Acetazolamide and Sulphanilamide in the reaction mixture.
Control Acetazolamide Sulphanilamide

pM
50 100 50 100

PARENT STRAIN 20.7 ± 0.9 5.0 3.7 5.2 2.5
MUTANT (HL 25/8) 11.9 ±0.6 2.0 - 0.8

pM

Figure 4.4 a : Photosynthetic oxygen evolution in parent strain (circles)
and the H L 25/8 mutant (Squares) of D. tertiolecta adapted to different
salinities, with or without addition of free enzyme C A . Organisms were
grown and adapted in cultures sparged with air. The medium contained
0.5 m M N a H C 0 3 . ^ust D e r b r e the measurement 250 Units . ml" 1 free
enzyme C A was added to the reaction mixture.

Figure 4.4 b : Total 14C-fixation rate in parent strain (circles) and the
H L 25/8 mutant (squares) of D. tertiolecta adapted to different
salinities, with or without addition of free enzyme C A . Organisms were
grown and adapted in cultures sparged with air. The medium contained
0.5 m M N a H C 0 3 . Just before 14C-fixation 250 Units . ml" 1 free
enzyme C A was added to the reaction mixture.
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Figure 4.5 a : Effect of increasing N a H C 0 3 concentration on the
photosynthetic oxygen evolution in parent strain (circles) and the H L
25/8 mutant (squares) of D. tertiolecta adapted to 0.17 M NaCl, with
or without addition of free enzyme C A . Organisms were grown and
adapted in cultures sparged with air. Just before the measurement of
250 Units . ml" 1freeenzyme C A was added to the reaction mixture.

Figure 4.5 b : Effect of increasing N a 1 4 H C 0 3 concentration on total
14

C-fixation rate in parent strain (circles) and the H L 25/8 mutant

(squares) of D. tertiolecta adapted to 0.17 M NaCl, with or without
addition of free enzyme C A . Organisms were grown and adapted in
cultures sparged with air. Just before 14C-fixation, 250 Units . ml" 1
free enzyme C A was added to the reaction mixture.
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4.4

: Discussion :

The role of carbonic anhydrase (CA) in plants is to catalyze the
interconversion of bicarbonate and C O 2 , to provide "CO2" in the form appropriate
for carbonfixingreactions (Carter 1972), but its role in plants is poorly understood,
especially in higher plants .

C02 + H20^ ^H+ + HC03"^ ^C02 + H20
Algal cells with high CA activity on their cell surface mainly use HCO3" for
photosynthesis, while those which do not have substantial activity on the cell surface
use C 0 2 (Tsuzuki 1983; Colemann et al. 1984). The difference in C A activity
between the cell homogenate and the suspension of intact cells can be assumed to
represent the activity located inside the cells. The results of the present study show
that in Dunaliella C A activity in the air-grown cells is mostly located on the cell
surface (Table 4.1). The activity of C A in air-grown cells is higher than those in
high-C02 cells, suggesting that under C O 2 limiting conditions (air-grown) C A
maintains a rapid equilibrium between H C O 3 " and dissolved C O 2 . The localization of
C A on the cell surface would enable the fast interconversion of Cj (inorganic carbon)
species. In many other algal species (t.g., Chlamydomonas reinhardtii) localization
of C A activity on the cell surface or in the periplasmic space enables rapid
interconversion of Cj species (Coleman et al. 1983; Marcus et al. 1984). Bird et al.
(1980) suggested that, at a concentration of C O 2 less than saturating, intracellular C A
stimulates the carboxylation of R u B P catalyzed by Rubisco. The stimulation of
carboxylation of R u B P is a consequence of the increased rate of conversion of
H C O 3 " ions to C O 2 , the substrate for carboxylation.

In C02-limiting conditions (air-grown), the reaction which might limit the
use of available carbon by Dunaliella is the relatively slow dehydration of
bicarbonate, and the presence of C A on the cell surface will greatly stimulate the rate
of this reaction. The presence of C A activity on the cell surface enable air-grown
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algae to photosynthesize efficiently at low levels of Cj (Nelson et al. 1969; Badger et
al. 1980). The rapid equilibrium between C O 2 and H C O 3 " would allow efficient use
of inorganic carbon by the carbon transport system. The possible function of C A with
Cj transport mechanism is to maintain a high intracellular concentration of Cj which
provides sufficient substrate to saturate Rubisco. Miyachi et al. (1983) has also
proposed a role of C A as a "trap" of C O 2 diffusing outside the algal cells.

With respect to the form of inorganic carbon used for photosynthesis, three
groups of microalgae have been identified (Miyachi et al. 1983). The first group
exclusively uses C O 2 , the second group includes Chlorella sp. which takes up
H C O 3 " in addition to C O 2 , and third
Chlamydomonas

group includes I 0 W - C O 2 cells of

reinhardtii which uses H C O 3 " . The algae which use free C O 2

contain C A activity only inside the cells, whereas those that use H C O 3 " have a
significant amount of C A activity on their cell surfaces too. However, H C O 3 " is
taken up by the cells after it is converted to C O 2 by C A located on their cell surface.
Thus the actual active species of carbon which crosses the cell membrane isfreeC O 2 .

The results of this study suggest that I0W-CO2 cells of D. tertiolecta fall in
the third group, i.e. cells use H C O 3 " for photosynthesis by dehydrating it to C O 2 .
Carbon dioxide is the form of inorganic carbon used by Rubisco, thusfreeC O 2 is the
actual active species of carbon utilized by the cells. This suggestion is consistent
with the results of Aizawa and Miyachi (1984) and Aizawa et al. (1986), w h o have
concluded that cells of Dunaliella fixfreeC O 2 which is converted from H C O 3 " via
C A located on the cell surface. This suggestion is further supported by their previous
report that in D. tertiolecta, treatment by the proteolytic enzyme subtilisin increased
the apparent K

m

( N a H C 0 3 ) for photosynthesis, indicating that C A located on the

cell surface increases the affinity for inorganic carbon in photosynthesis. It is
interesting that Tsuzuki (1983) and Miyachi et al. (1983) have also reached to the
same conclusion on the m o d e of H C O 3 " utilization in Chlamydomonas reinhardtii,
and various Chlorella sp., which all have C A activity on their cell surface.
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The H L 25/8 mutant (grown at 0.17 M NaCl) was found to have about half
the C A activity of its parent strain (Table 4.1). The C A activity in this mutant
decreased substantially during inducing conditions in the parent strain, such as at
increased salinity (Figure 4.1), when C A activity was increased possibly due to
higher demand of inorganic carbon for photosynthesis. Photosynthesis is required for
the induction of C A activity in Chlamydomonas

reinhardtii (Spalding and Ogren

1982; Spalding et al. 1983). At higher salinities, the reduced C A activity in I0W-CO2
cells of the mutant appears to be the main reason for cessation of growth above 1.02
M NaCl.
In I0W-CO2 cells of Chalmydomonas reinhardtii, CA is translated on
cytoplasmic 80s ribosomes as a higher molecular weight precursor, whereas in
high-C02 cells translatable m - R N A is absent (Coleman and Grossman 1984). These
authors suggested that induction of C A in I0W-CO2 alga either involves an activation
of gene(s) encoding for C A or a post transcriptional modification that converts
translationally inactive messenger to active messenger. The glycosylation of
polypeptides occurs before their export to the cell surface. It is difficult to explain the
progressive decline of C A activity with increasing salinity in the mutant It is possible
that during mutation, the following events might have occurred. The gene responsible
for C A synthesis might have mutated in such a way that it has a reduced capacity to
produce C A , or molecular structure of newly synthesized polypeptide is changed.
The two other possibilities are, the mechanism of CA-polypeptide glycosylation is
altered in the mutant; the newely synthesized enzyme has loose affinity with the cell
membrane so that at higher salinities the enzyme C A is solubilized or displaced by the
increased ionic strength of the medium.
Based on the biosynthesis of the enzyme CA and its subsequent interaction
with the membranes (Coleman and Grossman 1984; Miyachi et al. 1985) complex
interpretations and hypotheses are possible. The author of this thesis believes that at
the present state of knowledge, the simplest way is not to attempt an interpretation of
the results by complex hypothetical suggestions.
When growth temperature was increased from 15°C to 35°C the CA
activity increased, reaching a m a x i m u m at 25°C. This indicates that the induction of
C A activity was affected by temperature. The induction of C A activity was more
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significant in the parent strain than that of the H L 25/8 mutant (Figure 4.2). The
results of this study are consistent with thefindingsof Shiraiwa and Miyachi (1985)
w h o demonstrated that the C A activity in Chlorella vulgaris was induced by increase
in temperature.
A difference in the temperature profile of an enzyme, can apparently be a
normal consequence of a point mutation. Arne Str0m (personal communication to
A.D. Brown) suggested that if a change in C A activity in the H L 25/8 mutant is
caused by a point mutation, the enzyme C A is likely to have a different temperature
profile from that of its parent strain. The parent strain and the mutant show relatively
similar temperature profiles of C A (Figure 4.2), suggesting that the diminished salt
tolerance and difference in C A activity between the parent strain and the mutant might
not be a reflection of a point mutation.
Acetazolamide (Diamox) and sulphanilamide, reputed inhibitors of CA on
the cell surface (Miyachi et al. 1983), reduced H 1 4 C 0 3 fixation in the parent strain
and the H L 25/8 mutant (Figure 4.3). These two inhibitors also inhibit Cj uptake in
Anabaena (Kaplan et al. 1980; Volokita et al. 1984). Because of the inhibition of C A
activity by acetazolamide and sulphanilamide, H C O 3 " will not be dehydrated to C O 2 ,
thus imposing restrain on Cj uptake from the medium. Therefore the inhibition of
H 14 C03-fixation by the inhibitors of C A confirms that most of the C A is located on
the cell surface. It is therefore concluded that H C O 3 " is used after its conversion to
C O 2 via the C A located on the cell surface. Acetazolamide does not affect
photosynthetic oxygen evolution in D. tertiolecta (Aizawa et al. 1986) and in
Chlamydomonas reinhardtii (Moroney et al. 1985). Unfortunately, the effects of
inhibitors on photosynthetic oxygen evolution were not measured in the present
study.
There is some controversy on the mode of action of inhibitors of CA. The
inhibition of C A by sulphanilamide and acetazolamide involves the binding of the
inhibitor to the zinc moiety of the protein (Mann and Keilin 1940). K o n d o et al.
(1952), Fellner (1963), and Koenig etal. (1980) found that zinc moiety is absent in
spinach C A , and sulphanilamide and acetazolamide do not inhibit C A activity. These
authors further suggested that lack of inhibition by sulphanilamide and acetazolamide
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is due to the absence of zinc in this enzyme. In Dunaliella, C A activity was inhibited
by sulphanilamide and acetazolamide, suggesting that C A of Dunaliella contains a
zinc moiety.
Several authors have argued that beside the inhibitory action of CA activity,
sulphanilamide and acetazolamide have a second inhibitory action, in that they affect
photosynthetic electron transport (PS U), therefore these inhibitors seem to be a rather
unreliable tool for elucidating the role of C A in C02-fixation (Swader and Jacobson
1972; Werdan and Heldt 1972; Graham et al. 1974). Acetazolamide has been
reported to decrease C02-fixation in some cases (Berry et al. 1976) but not in others
(Tsuzuki 1983; Moroney et al. 1985). O n the other hand, Tsuzuki et al. (1985)
argued that the different effects of acetazolamide, ethoxyzolamide, and
sulphanilamide on photosynthesis are presumab ly due to a difference in the
penetration strength on the inhibitors into the cell and chloroplast. At low
concentration, ethoxyzolamide is membrane permeable whereas acetazolamide and
sulfanilamide are membrane impermeant inhibitors of C A , and only inhibit C A
activity on the cell surface without affecting the photosynthetic electron transport
(Miyachi et al. 1983; Maren 1984; Moroney et al. 1985). Unfortunately the author
of this thesis has no direct experimental evidence to prove or disprove these
arguments, therefore he reserves comments on this issue.
When free enzyme CA was added to the cell suspension, the HL 25/8
mutant showed significantly higher rates of photosynthetic oxygen evolution and total
14

C-fixation. It appears that the addition of C A to the reaction medium increased the

carbon transport (rate of carbon uptake) in the mutant. Miyachi et al. (1985) have
also observed similar affects of free C A on photosynthesis in the subtilisin (a
proteolytic enzyme) treated cells of D.tertiolecta.
From the analysis of photosynthetic products in the presence of H14C03
(see chapter 7), there is evidence of increased photorespiratory activity in the H L 25/8
mutant but not in the parent strain (see Table 4.3). In the parent strain very little
radioactivity was found in the metabolites indicative of photorespiratory activity, such
as glycolate, glycine, and serine. In the mutant, however, label contained higher
proportions of glycolate and glycine, indicating higher photorespiratory activity. This
would be consistent with the effects of the higher C A activity of the parent strain
which stimulates photosynthesis and suppresses photorespiration.
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Table 4.3* :

Percentage of total ethanol-soluble incorporation into

glycolate, glycine and serine during 30 sec-10 min photosynthesis.
The cultures of D. tertiolecta

Time of 1 4 C

were adapted to 0.17 M NaCl.

% Of Total Ethanol-Soluble Radioactivity

Incorporation (min)
Glycolate Glycine and Serine

PS M PS M

0.5

4

10

5

ND

1.0

5

10

2

10

2.0

3

9

6

19

4.0

3

11

5

17

6.0

3

10

5

17

8.0

4

12

5

15

10.0

4

11

5

15

PS

: Parent Strain

M

: H L 25/8 Mutant

ND

: Not Detected

*

: Results from Chapter 7

99

Conversely, because of C A deficiency in the H L 25/8 mutant, H C O 3 " is not
dehydrated at a rate sufficiently rapid to maintain a high internal C O 2 concentration,
therefore it shows lower photosynthesis and higher photorespiratory activity.
Finally from all the results discussed above, it may be concluded that:
(1) In I0W-CO2 cells of Dunaliella, most of the CA activity is located on
cell surface, and C O 2 is the active species of carbon which is predominantly taken up
by the cells.
(2)

Like other algae which have C A activity on the cell surface, cells of

Dunaliella use H C O 3 " for photosynthesis after dehydrating it to carbon dioxide.
(3)

In the H L 25/8 mutant, the variation in C A activity with temperature is less

extreme than the parent strain, but both organisms show a relatively similar
temperature profile. Thus it is unlikely that the mutation is a point mutation.
(4)

In I0W-CO2 cells of the H L 25/8 mutant, the elevated C O 2 requirement for

growth, reduced photosynthesis, and reduced C A activity at increased salinity
appears to be genetically associated, suggesting that all these physiological changes
are derived from the same mutation.
(5)

It appears that diminished salt tolerance of the H L 25/8 mutant is largely, if

not wholly, a result of a lowered C A activity, with consequent affects on carbon
transport and assimilation.

Based on the results obtained in this study and the results of other autho
scheme is proposed for the possible mode of H C O 3 " use in I0W-CO2 cells of
Dunaliella which have carbonic anhydrase activity both on the surface and inside the
cells (Figure 4.6).

Figure 4.6 :

Scheme showing possible mode of H C O 3 "

I0W-CO2 cells of Dunaliella.
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CHAPTER 5
EFFECT OF SALT STRESS AND LIGHT-DARK
TRANSITIONS ON THE INTRACELLULAR pH.

EFFECT OF SALT STRESS AND LIGHT-DARK TRANSITIONS
ON THE INTRACELLULAR pH
5.1 : Introduction :
The activities of most enzymes are highly sensitive to pH, which suggests
that cytoplasmic p H must be an important factor in the regulation of cell metabolism
(Davies 1973). Cytoplasmic p H itself appears to be controlled by H + transport
between the cell and its environment (Moolenaar 1986). There is evidence that
intracellular p H is normally regulated within narrow limits (Bown 1985).
In Dunaliella, the two dehydrogenase enzymes of glycerol metabolism,
namely, glycerol-3-phosphate dehydrogenase (Marengo et al. 1985) and glycerol
dehydrogenase (Borowitzka and Brown 1974) are highly sensitive to change in pH.
Both glycerol-3-phosphate dehydrogenase and glycerol dehydrogenase are the first
enzymes of the glycerol synthetic and dissimilatory pathways, respectively. If
Dunaliella is exposed to an osmotic stress, any change in the intracellular p H of
Dunaliella will have important implications for the regulation of glycerol metabolism.
Therefore, it is important to determine whether or not osmotic stress has any affect on
the intracellular p H of the cells.
Recently some success has been reported in determining the cytoplasmic pH
in eukaryotic plant cells by the use of D M O (5,5-dimethyl-(2- l4 C)
oxazolidine-2,4-dione) distribution technique. This weak acid has been extensively
used for cytoplasmic p H measurements in animal cells (Waddell and Butler 1959;
Waddell and Bates 1969), bacteria (Kashket and W o n g 1969; Harold et al. 1970), the
giant-celled alga Hydrodictyon africanum (De Michelis et al. 1979), and unicellular
algae (Lane and Burris 1981). The validity of the D M O method is also supported by
studies with the giant algal cells where glass microelectrodes and the D M O technique
gave similar values of intracellular p H (Spanswick and Miller 1977).
This technique is based on the distribution of DMO and its anion DMO"
between an external medium of known p H and the cytoplasm. From the external p H
and the known p K a of D M O the external concentration of undissociated D M O can be
calculated for any external total ( D M O + D M O " ) concentration. The concentration of
labelled D M O and its anion D M O " in the extracellular medium can be calculated using
the Handerson-Hasselbach equation. If only D M O (undissociated) can cross the
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membrane, at equilibrium the external and cytoplasmic concentrations of
undissociated D M O must be equal (De Michelis et al. 1979). From the cytoplasmic
concentration of D M O + D M O " , and the p K a of D M O , the cytoplasmic p H can be
calculated according to Heldt et al. (1973).

Since

DMO^Q
PH

= DM00 + DM00"

= pKa + log(DM0 0 7DM0 0 )

Eqn. 5.1

Algae were centrifuged, 1 4 C -cpm were determined per lOOpl packed cell
volume.
D M O ^ x ^ j = D M O j + DMOj"

or

DMOj" = D M O ^ ^ j - D M 0 0
We can calculate DMO Q , assuming that D M 0 0 = DMOj
([DMO c -] / [DMOj"]) = [Hj-1 / [H 0 +]

Eqn. 5.2
or

([DM0 0 "] / [DMOj-]) X [H 0 +] = [Hj+]

Eqn. 5.3

From the [Hj*] intracellular p H can be derived:
Intracellular p H = - log [Hj+]
* DM00"

= Concentration of D M O " anion in the medium

* DMOj"

= Concentration of D M O " anion inside the cell

* D M O ( Y o t \ 0 = Concentration of total D M O in the medium
*DMO(Tot)i = Concentration of total DMO inside the cell

The actual values reported in this chapter are based on the following
assumptions (Bown 1985), namely :
1. DMO is not significantly metabolised by the organisms.
2. Its anion is not significantly permeable.
3. Neither form of D M O ( D M O or D M O " ) is actively transported
4. The neutral molecule ( D M O ) does not accumulate in lipid phase of the membrane.
In most plant cells, it is complicated to determine the intracellular pH
because of the presence of a large vacuole (Badger et al. 1977 ; Findenegg 1978).
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However, Dunaliella does not have such a vacuole and the problem does not arise.
Based on directly measured distribution of D M O , this appears to be the first report
on the measurement of the intracellular p H in Dunaliella cells.
The experimental results reported in this chapter were aimed to determine :
1. The buffer capacity of the cell extracts.
2. Intracellular p H of Dunaliella.
3. Salt stress-induced changes in the intracellular pH.
4. Light-dependent alkalization of the intracellular environment.
5. Effects of changes in the external p H on the cytoplasmic pH.

Note : The work presented in this chapter was done in collaboration with Prof.
Hartmut Gimmler.
5.2 : Methods :
All the experimental cultures of D. tertiolecta were grown at 27±2°C in
medium containing 0.17 M NaCl. Salt stress was applied by adding appropriate
volumes of 4.46 M NaCl. Intracellular p H was measured by the D M O technique. The
buffer capacity was determined bytitration.The details of methods used in this study
are described in chapter 2.
5.3 : Results and Discussion :
The time course of DMO uptake in the control and salt stressed cells of D.
tertiolecta is shown in Figure 5.1. The results show that after an initial relatively rapid
net influx, there is a slow but progressive net influx of D M O up to at least two hours
of incubation. This slow influx of D M O may be a result of low permeability of the
membrane to D M O . One would expect equilibrium would be fast of the order of
minutes, but longer time (about 2 hours) was required in this case, this may also be a
result of low surface : volume ratio of Dunaliella cells. The intracellular p H of the
cells is about 7.0 in the dark, which increased to about p H 7.4 in the light (Table
5.1). B y using the distribution of of i 4 C - A B A («'

acid) between the algal cells

and the external medium Gilmour et al. (1985) found similar values. Because D M O
accumulates in the alkaline compartment, therefore, accuracy of the measurement will
not be very precise.

Figure 5.1 : Time course of 1 4 C - D M O influx/uptake in D. tertiolecta.
The vertical bars represent standard deviation for six determinations on
each of two separate experiments.
(pH of the medium 7.5 ).
(•

) Control 0.17 M NaCl

( • ) Salt stressed 0.77 M NaCl
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Figure 5.2 : 1 4 C - D M O uptake in D. tertiolecta as a function of external
p H . The vertical bars represent standard deviation for six
determinations on each of two separate experiments.
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Intact chloroplasts from spinach have a stromal p H of 7.9 in the light and
about 7.15 in the dark (Werdan et al. 1972; Heldt et al. 1973 ). In Dunaliella the
absolute values of increase in the intracellular p H in the light are lower than those
observed in isolated intact chloroplasts of spinach. However, if the values of
intracellular stromal p H in Dunaliella are calculated with an assumption that half of
the cytoplasmic volume is filled with the chloroplast and the chloroplast behaves like
an isolated spinach chloroplast, the light induced alkalization of the chloroplast stroma
would be relatively close to the isolated chloroplasts. It is relevent to mention here
that the optimum p H for carbon dioxide fixation by isolated intact plastids is about
7.6 (Cockburn et al. 1968). The results thus suggest that the apparent rise in the p H
of the cytoplasm in the light is a real effect, and that m a y result from an increase of
the H + extrusion mechanism in the light.
When Dunaliella was exposed to a salt stress, the intracellular pH
increased by 0.25 p H units in both the light and the dark, suggesting that salt stress
also caused alkalization of the intracellular cytosol (Table 5.1). The reason for the
salt-induced increase in the intracellular p H is not well understood, however, the
possible mechanisms which m a y account for it are as follows :
(1)

Salt stress causes a rapid alteration in the permeability of the plasmalemma

for protons, so that protons can flow more easily from cytoplasm (pH 7.0) into the
medium (pH 7.5-7.6).
(2)

W h e n Dunaliella cells are exposed to a salt stress, a large transient increase

of internal N a + takes place (Gimmler et al. 1977; Gimmler and Schirling 1978). It is
possible that salt stress stimulates a N a + / H + exchanger. In animal cells N a + / H +
exchanger (antiport) responds to a fall in p H j by rapidly extruding protons out of the
cells (Moolenaar 1986). Recently, a N a + / H + antiport has been isolated and
characterized in the isolated plasmamembrane vesicles of D. salina (Katz et al. 1986).
It is likely that like many other cells (Schwartz et al. 1972) Dunaliella has
an ATP-requiring N a + , K+-activated, Mg + + -dependent membrane bound ATPase,
which catalyses the extrusion of 3 N a + for the intake of 2 K + and the expenditure of
1 A T P . A s in Dunaliella, an exchange of N a + for K

+

would be equally inhibitory to

cell processes, proton, instead, could be taken up from the m e d i u m to partially
equalise the charge of extruded N a + . A N a + / H + exclyiCge has been postulated by
pitman (1970) for barley roots. However, the presence of the membrane bound N a + ,
K + activated ATPase in D. tertiolecta has been demonstrated by Jokela (1969) and
the ATPase from/), tertolecta was apparently
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Table 5.1 : Effect of salt stress and dark-light transition on the

intracellular pH of Dunaliella tertiolecta . Results are means ± SE of
three determination on each of [n)separate replicate experiments.
Cultures were grown and adapted at 0.17 M NaCl (pH 7.5) and
stressed by exposing to 0.77 M NaCl final concentration. Intracellular
pH was determined by measuring the distribution of 1 4 C - D M O / D M O "
in the external bathing medium and inside the cell.
INTRACELLULAR pH
DARK

CONTROL

SALT STRESS

LIGHT

7.01 ± 0.40
(n=10)

7.40 ± 0.25

7.30 ± 0.30
(n = 5)

7.65 ± 0.30

0.25 ± 0.07

0.25 ± 0.05

(n = 5)

(n = 5)

(n = 6)

(n = 5)

A pH D U E T O SALT STRESS

A pH D U E T O DARK-LIGHT TRANSITION
CONTROL 0.42 ±0.12
(n = 4)
SALT STRES

0.40 ± 0.08
(n = 3)
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different from the M g + + , C a + + dependent microsomal ATPase isolated from the
halophilic Chlamydomonas

(Yamamoto and Okamoto 1968). In normal conditions

sodium export is probably mostly by the N a + / K + ATPase. It is possible that the
N a + / H + system is involved in the initial transition period of salt stress.
The present techniques for measuring the intracellular pH of Dunaliella do
not allow to resolve the short-term kinetics of the p H change. However, such time
resolution is necessary for a satisfactory interpretation of the mechanism of the
observed salt-induced alkalization.
Since the reasons for the salt-induced alkalization of the cell environment
not fully understood, the actual change of the stromal p H could be even larger or
smaller than the values given in the Table 5.1. For the control cells it is reasonable to
assume that light-induced alkalization of the total cell is entirely due to the alkalization
of the stroma, but the same assumption is not necessarily be true for the salt-induced
alkalization of the salt-stressed cells.
So far attempts to isolate the intact chloroplast in Dunaliella are not
successful, the direct determination of the changes in cytoplasmic and chloroplastic
stromal p H are difficult to asses separately. The p H values reported in this chapter are
based on the average p H of the cytoplasm of which major compartments are cytosol
and chloroplast. The values are only approximations of the derived intracellular p H of
the whole cells. It is likely that D M O equilibrates to different concentrations in the
cytosol and the stroma of the chloroplast, because they have different p H in higher
plant chloroplast (Heldt et al. 1973).
The intracellular distribution of DMO was also studied in the control and
stressed cells incubated for 3 hours in a medium buffered at p H 6.5, 7.0, 7.5, 8.0,
and 8.5 (Figure 5.2). The uptake of D M O decreased progressively with the
increasing p H of the medium. From the p K a of D M O , the intracellular p H values
were calculated according to equation 5.1 (Figure 5.3).
With increasing pH of the medium, the salt-stressed cells exhibited a
constant intracellular p H of about 7.5, whereas, in control cells, the "measured"
values of intracellular p H varied with external pH, which were considerably lower
than the "theoretical" (pH value assumed from the external p H of the medium) value
for each of the five external p H treatments. The results are consistent with the

Figure 5.3 : Intracellular p H in D. tertiolecta from the D M O distribution
as a function of external pH. Results are means of six determinations on
each of two separate experiments.
( • ) Control 0.17 M NaCl
( • ) Salt stressed 0.77 M NaCl
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Figure 5.4 : Buffer capacities in D.tertiolecta cells grown and adapted
at different salinities. (pH of the m e d i u m 7.5).
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findings of Raven and Smith (1978 a, b) and DeMichelis et al. (1979). The possible
explanation of low values of intraceEular p H is the occurence of afinitepermeability
to the anion D M O " , other equally plausible explanations are possible. At the present
state of knowledge it is difficult to suggest any possible mechanism which enabled
the salt-stressed cells to maintain constant p H at thefiveexternal p H treatments. In
general, the values of cytoplasmic p H obtained here in this study and their variation
with the external p H are very similar to those obtained for Chlorella vulgaris (Komor
and Tanner 1974), Scendesmus obliquus (Findenegg 1978), but higher values were
reported for Chlamydomonas

reinhardtii (Badger et al. 1977).

The buffer capacities of D.tertiolecta (adapted in different salinity) in the pH
range of 6.8 to 7.2 and 7.5 to 8.0 are shown in Figure 5.4. From the buffer capacity
of D. tertiolecta cells (50 m M H

+

. 1". p H Unit"1 in the p H range between 6.8 and

7.2 ), the volume of the cells (180p.l. m g " 1 Chi.), and the observed alkalization due
to salt stress (0.2 p H units ), it can be calculated that about 2 pmole H

+

. m g " 1 Chi.

have to be excluded from the cytosol and stroma, respectively. If such an event
should take place within one min, a reaction with proton translocating activity of 120
pmole H + . m g " 1 Chi. h" 1 would be required.
It is interesting to note that algae adapted to higher salinities show higher
buffer capacities, however it is not possible to postulate whether this allows the cells
to resist a p H variation during transition by an osmotic stress.
The results reported in this chapter were obtained by using the intracellular
D M O / D M O " distribution as a measure of cytoplasmic p H . The relatively long
half-time (t^ n = 40 min) (Figure 5.1) of equilibration of D M O between the medium
and the cells is a limitation of this technique to measure the intracellular p H of
Dunaliella, therefore it is not possible to measure any short-term effects of alterations
of metabolism or environment on the intracellular pH.
Finally, it appears that the use of DMO as a tool for the measurement of
cytoplasmic p H will prove useful in the studies on p H regulation in plant cells.
However, the accuracy which can be achieved at present seems to be limited due to,
(1) imprecise volume measurements of the cytoplasm (intracellular), (2) relatively
long half-time of equilibration of D M O between the medium and the cells, (3) also the
uncertainties of the distribution of D M O between cytoplasm and chloroplast

CHAPTER 6
THE SIZE AND TURNOVER OF THE
GLYCEROL POOL IN PARENT STRAIN AND
A SALT - SENSITIVE HL 25/8 MUTANT OF
Dunaliella tertiolecta

THE SIZE AND TURNOVER OF THE GLYCEROL POOL IN PARENT
STRAIN AND A SALT-SENSITIVE HL 25/8
M U T A N T OF
Dunaliella tertiolecta
6.1 : Introduction :
Dihydroxyacetone phosphate is a key intermediate in glycerol metabolism.
Glycerol is synthesized from D H A P (which can be derived from either the
Benson-Calvin cycle or from starch breakdown)by a two-step pathway involving the
enzymes glycerol-P-dehydrogenase (Marengo et al. 1985; Haus and W e g m a n n 1984)
and glycerol-P-phosphatase (Sussman and Avron 1981; Brown et al. 1982 ). The
dissimilation of glycerol back to D H A P involves glycerol dehydrogenase (Borowitzka
and Brown 1974) and dihydroxyacetone kinase (Lerner and Avron 1977 ). Both the
synthesis and the dissimilation pathway contain one reversible and one irreversible
step (Wegmann 1979; Brown et al. 1982 ).
Glycerol is known to be an early labelled product of photosynthesis in
Dunaliella.. W e g m a n n (1979) reported a constant flow of photosynthetic carbon
through the glycerol pool during steady state (salt concentration at which algae were
grown). If the concentration of salt or organic osmotica (Kessly 1978, Ph.D. Thesis,
University of N e w South Wales, Sydney) is increased preferential incorporation of
photosynthetically fixed carbon into glycerol can be more than 8 0 % of the total
incorporation, this results in a rapid accumulation of glycerol. Based on these
arguments he proposed that metabolism of glycerol in Dunaliella constitutes a
"Glycerol Cycle" involving separate pathways of synthesis and degradation of
glycerol.
Wegmann (1979) reported that when Dunaliella was grown in constant salt
concentrations of 0.7 M NaCl or above, carbonfixationproceeded at rates of more
than 250 pmol mg _ 1 Chl. h"1, and more than 5 0 % (steady state) and up to 9 0 % (salt
stress ) of the fixed carbon was incorporated into glycerol. The flow of such a large
proportion of newly fixed, carbon into the glycerol pool would support the
Wegmann's suggestion of a "Glycerol cycle". Under such conditions, relatively small
changes in the rates of synthesis or dissimilation could cause large changes in the
intracellular glycerol pool size with implications for the mechanism of osmoregulation.
There is now a widespread assumption that the "Glycerol cycle" and
"Glycerol pool" has a rapid turnover rate (Ben-Amotz 1980; Gimmler and Moller
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1982). This assumption was m a d e solely on the basis of apparent early labelling of
glycerol. Until now, however, there is no report that I a m aware of, which provides
any direct experimental determination of the turnover rate of the glycerol pool under
steady state.
The turnover rate of the glycerol pool has very important implications in the
control of glycerol metabolism. If the glycerol pool is turning over rapidly, the
enhanced production of glycerol in response to a salt stress could be regulated by a
block in the glycerol dissimilation pathway, perhaps at glycerol dehydrogenase. O n the
other hand, if the pool is turning over slowly, the glycerol synthesis pathway should
be activated upon a salt stress to enhance the flow of carbon into the glycerol pool.
The experiments presented here in this chapter were aimed at ascertaining
the turnover rate of the glycerol pool in the steady state (at two salt concentrations 0.17
M and 0.7 M N a C l ) and to identify possible control points in the metabolic response
to a salt and dilution stress. T o elucidate the relative contribution of carbon originating
from glycerol-3-phosphate (from photosynthesis) to the glycerolipids, the synthesis
and the turnover of lipid glycerol was also studied.
6.2 : Methods :
Cultures of parent strain and the HL 25/8 mutant of Dunaliella tertiolecta
and its salt-sensitive mutant, were grown at two salt concentrations, 0.17M and 0.7M
NaCl as described in the sections (2.2.1 -2.2.2 ). The other analytical methods used
were essentially as described in Chapter 2.
6.3 : Results and Discussion :
In order to determine the turnover rate of the glycerol pool in parent and
muatnt strain, cultures were adapted at two representative concentrations of NaCl
(0.17M and 0.7M ) in the m e d i u m and the linear rate of 14C-incorporation into
glycerol was determined. A s long as the rate of 14C-incorporation into glycerol is
linear, the removal of label from the glycerol pool will be insignificant and the linear
rates can be assumed to represent the rate of glycerol synthesis on a carbon atom
basis. The saturation of the pools of the Benson-Calvin cycle intermediates such as
D H A P with radioactivity from
Walker 1983).

14

C 0 2 is rapid during photosynthesis (Edwards and
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W h e n illuminated cultures of both strains were exposed to 1 4 C 0 2 under
steady state conditions, the ethanol-soluble fraction initially contained about 6 8 %
(Parent strain) and 7 0 % (mutant strain) of the total incorporated radioactivity (Table
6.1). The initial rates of 14C-incorporation into ethanol-soluble fractions were of the
order of 35 and 25 pmol C 0 2 . m g " 1 Chi. h"1 in the parent and the mutant strain
respectively, and the rates were approximately linear for 30 min (in 0.17 M ) and for
more than 1 hour in algae adapted to 0.7 M NaCl (Figures 6.1 a and 6.1 b). In the
parent strain, the proportion of radioactivity present in the ethanol-insoluble fraction
(presumably largely starch) increased after 30 min of photosynthesis, whereas it
remained unchanged in the mutant at 0.7 M N a C l (Table 6.1). In both cases the
ethanol-insoluble radioactivity contained less than 5 0 % of the total incorporated
radioactivity. Table 6.2 shows cell numbers, protein and glycerol contents per unit
chlorophyll in the experimental cultures. The mutant has lower chlorophyll per cell
than the parent strain (see Table 3.1 for more information on the other differences
between parent and mutant strain).
The total amount of glycerol in the algae (intracellular glycerol) is shown in
Tables 6.2 and 6.3. During the 60 min time course of the experiments, the glycerol
contents were essentially constant, increasing (on chlorophyll basis) by 5 % (0.17 M
N a C l ) and 2 % (0.7 M N a C l ) in the parent strain; less than 1 % in the mutant at both
salt concentrations. This suggests that Dunaliella maintains a strict balance in the rate
of synthesis and dissimilation. The slight increase in the glycerol content can be
associated with the cell growth. All results were corrected for the increase in glycerol
contents during the experimentation period
In both strains, the rates of 14C-incorporation into glycerol were linear for
about 40 min in 0.17M NaCl, and for more than 60 min in 0.7M NaCl (Figures 6.2 a
and 6.2 b). Short-term incorporation experiments (see chapter 7) revealed an initial lag
of about 2 min in parent strain and 3.5 min in the mutant, before a linear rate of
14

C-incorporation into glycerol could be achieved. The lag observed in Dunaliella

seems to be a reflection of the time required by the Benson-Calvin cycle to saturate the
D H A P pool. The Benson-Calvin cycle saturates in about 2 min in higher plants
(Edwards and Walker 1983). It appears that this is also the case in Dunaliella too. The
rates of 14C-incorporation into glycerol were calculated from the linear parts of the
(Figures 6.2 a and 6.2 b) and the amount of 14C-glycerol synthesized was calculated
from the specific radioactivity of N a H 1 4 C 0 3 -
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Table 6.1 . Fixation of 1 4 C from C 0 2 by Dunaliella tertiolecta.

Parent Strain

Mutant

[ NaCl ] M
0.17

0.7

0.17

0.7

Total Rate of *4C- Incorporation
(pmol

14

C atoms, mg"1 Chi. h"1) 59 ±3 72 ± 4 35 ± 3 36.5 ± 4

## 100% 100% 100% 100%
% Label in the Ethanol-Soluble Fraction
(I) First 30 min 69 + 4 66 ±5 75 + 3 68 ±4
(II) After 30 min

53 ± 1

57 ± 4

69 ± 6

64 + 3

30±2

30±4

% Label in the Ethanol-insoluble Fraction
© First 30 min 31 ±3 34 ±5 23 ±2 27 ±3
(TI) After 30min

47 ± 1

42±4

## Total 14C-Incorporation (Ethanol-Soluble + Ethanol-insoluble)
Results are means (± SE ) of duplicate determinations on each of three separate
experiments.
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Table 6.2 .

The cell numbers, protein and glycerol content in D.

tertiolecta. (The alage were grown and adapted in a medium containing
either 0.17 or 0.7 M NaCl

in the medium).

Parent Strain

Mutant
[ NaCl ] M

0.17

0.7

0.17

0.7

Protein Content
(mg Protein, mg" 1 Chlorophyll)

11.6±1.8 11.8±2.2 16.6±1.5 14.8±2.4

Glycerol Content
(pmol Glycerol, mg" 1 Chlorophyll)

6.8 + 0.4 57.7 + 2.4 10.6 ± 1.5 62.8± 4.8

Cell Number
(108 Cells. mg" 1 Chlorophyll)

5.5+0.2

5.1±0.2

7.0±0.4

6.2±0.2

Results are means (± SE ) of duplicate determinations on each of three separate
experiments.

Figure 6.1 A.

T h e fixation of

14

C-

from bicarbonate into

ethanol-soluble products by parent strain in (a) 0.17 M and (b) 0.7 M
NaCl. The vertical bars represents the standard deviations of duplicate
determinations on each of six (a) and four (b) replicate experiments.
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Figure 6.1 B.

The fixation of

14

C-

from bicarbonate into

ethanol-soluble products by the H L 25/8 mutant in (a) 0.17 M and
(b) 0.7 M NaCl. The results are means of duplicate determinations of
two separate experiments.
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Figure 6.2 A. The fixation of 1 4 C - from bicarbonate into glycerol by
parent strain in (a) 0.17 M and (b) 0.7 M NaCl. The vertical bars
represents the standard deviations of duplicate determinations on each
of six (a) and four (b) replicate experiments.
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Figure 6.2 B. The fixation of 1 4 C - from bicarbonate into glycerol by
the H L 25/8 mutant in (a) 0.17 M and (b) 0.7 M NaCl. The results are
means of duplicate detenninations of two separate experiments.
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Table 6.3 : The content and rate of synthesis of glycerol in D. tertiolecta.
(Rates

are calculated

from

the linear

sections of the graphs of

4

* C-incorporation in glycerol).
Parent Strain Mutant
[ NaCl ] M
0.17

0.7

0.17

0.7

RATE OF GLYCEROL SYNTHESIS :
nmdl14C-Glycerol. mg_1Chl. min"1 61.0
14

1

90.0

48-0

49.0

9.0

1.66

4.5

7.67

2.9

3.3

110

176

68

79

6.8±0.4

57.7+2.4

10.611.5 62.814.8

5.00

2.86

2.93

346

112

640

1

nmol C-Glycerol.pmor Glycerol.min"

0.76
14

_1

1

nmol C-Glycerol. mg Protein. min" 5.33
14

1

amol CrGlycerol. Cell" min"

1

GLYCEROL CONTENT :
Glycerol Pool at Zero Time
(pmol. mg" 1 Chlorophyll)
Rate of *4C-Incorporation into Glycerol
(pmol14C-Glycerol.mg"1Chl.h"1)
3.833

TURNOVER*:
Half Time for Turnover of Glycerol Pool 55
(Minutes)

#

T X /2 (min) = Size of glycerol nool ( pmol. m g ^ Chlorophyll ) x — 2 0
14

C-Incorporation into Glycerol (pmol14C-Glycerol. mg^Chl. h"1 )
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The rates of 14C-incorporation into 14C-glycerol in parent strain were 11.5
and 15.0 pmol C-atoms. mg - 1 Chl. h"1 (3.8 and 5.0 pmol 14C-glycerol. mg _ 1 Chl.
h" 1 ) in 0.17 M and 0.7 M NaCl respectively, whereas in the mutant the rates were of
the order of 8.8 pmol C-atoms. mg _ 1 Chl. h"1 (2.9 pmol 14C-glycerol . nig"1 Chi.
h"1) at both salt concentrations (Table 6.3). The observed rate of 14C-incorporation
should be matched by an equal dissimilation rate since the glycerol pool is of constant
size.
In parent strain glycerol was synthesized more rapidly at higher salinity on
a chlorophyll, protein and cell basis, but not on a glycerol basis, since.the glycerol
pool is much larger in 0.7 M NaCl. In the case of the mutant, higher salinities did not
have any significant effect on the glycerol metabolism. However, the proportion of
total fixed carbon incorporated into glycerol accounted for about 2 0 % at both salt
concentrations. The rates of photosynthetic carbon fixation, glycerol synthesis and the
glycerol content of the cells are much lower, than those reported by W e g m a n n (1979).
This also applies when the algae were cultured by the procedure of W e g m a n n (1979)
and Frank and W e g m a n n 1974. For example W e g m a n n (1979 reported a
photosynthetic carbon fixation at the rate of 250 p m o l C O 2 . m g _ 1 C h l . h" 1 , an
intracellular glycerol concentration of 1.2 M

(on chlorophyll basis) and a glycerol

synthesis rate of about 130 pmol m g ^ C h l . h"1 for D.tertiolecta in 0.7 M NaCl
adapted cells. The values of intracellular glycerol contents reported in this thesis are
consistent with the values reported by Ben-Amotz and Avron (1973, 1974),
Borowitzka and B r o w n (1974), Gimmler and Moller (1981) and Gilmour et al.
(1982).
From the intracellular glycerol contents and the rates of 14C-incorporation
into glycerol, the half time for turnover of the glycerol pool was calculated. In parent
strain, the half times were about one and almost six hours in 0.17 M and 0.7 M NaCl,
respectively. In the mutant, however, it was about twice that of the parent strain
(Table 6.3 ).
Thus the experimental results have shown, contrary to the prevailing
assumptions, that the glycerol pool has a turnover rate that is low in comparison to the
Benson-Calvin cycle. A n osmoregulatory response to a salt stress would require
accelerated glycerol synthesis, which in turn would be reflected in an enhancement in
the carbon flow into the glycerol pool. The time required for Dunaliella cells to
achieve a new steady-state level of glycerol, following an increase in salinity can be of
the order of one to several hours depending on the species and the magnitude of a salt
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stress (Borowitzka and B r o w n 1974; Borowitzka etal. 1977; B r o w n and Borowitzka
1979 ; Gimmler and Moller 1981; Gilmour et al. 1982).
The results of this thesis suggest that, at mild to moderate salt stress (e.g.,
when algae were transfered from 0.17 M to 0.4 M NaCl)Dunaliella can achieve new
steady-state levels within 30 min (results not shown). However, it is shown in chapter
7 that glycerol metabolism is controlled by the rate of dissimilation as well as by the
rate of glycerol synthesis. The glycerol content of Dunaliella cells, which leads to a
regulation of osmotic balance, thus appears to be controlled at the site of production as
well as at that of dissimilation.
The turnover of the glycerol pool in Dunaliella is relatively slow relative to
the Benson-Calvin cycle under steady state conditions. Goyal et. al. (1986) suggested
that "This does not support the concept that the synthesis and dissimilation of glycerol
constitute a metabolic cycle comparable to established cycles such as the Krebs and
Benson-Calvin cycle. These cycles are distinguished, not only by rapid turnover, but
also by an autocatalytic role of at least one intermediate". It was also pointed out in this
publication that the metabolism of glycerol, resembles that of storage polysaccharides
(starch) for which synthesis and degradation c o m m o n l y occur by different but
•t

incompletely characterized pathways; both process can occur simultaneously (Stitt and
Heldt 1981). Goyal et. a/.(1986) proposed that "it is therefore a matter of definition
whether or not glycerol metabolism in Dunaliella should be called a "cycle". Our
present opinion is that, if such labels are desirable, then a clear distinction should be
made between a metabolic cycle with an autocatalytic component and rapid turnover on
the one hand, and on the other, the synthesis and degradation by different pathways of
a large pool of reserve material".
Glycerol-3-phosphate (an intermediate metabolite in the glycerol synthesis
pathway) is k n o w n to provide the glycerol moiety for glycerolipid biosynthesis
(Lehninger 1984). It was decided to determine the lipid glycerol content,lipid glycerol
synthesis and the turnover of the lipid glycerol to check whether or not it has any
significant effect on the turnover of the intracellular glycerol pool. Table 6.4 illustrates
the relative contribution of carbon originating from

photosynthesis

(glycerol-3-phosphate) to lipid glycerol and its turnover rate. The results suggest that
the lipid glycerol pool is about 18-160 times smaller than the intracellular glycerol pool
at 0.17 M and 0.7 M NaCl concentration respectively. About 1 % (in parent strain) and
less than 0.3% (in the mutant) of the total incorporated 14 C-label into glycerol is
diverted to glycerolipid biosynthesis. This confirms that the contribution
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glycerol-3-phosphate (originating from photosynthesis ) to glycerolipid synthesis is
very small, therefore it would not have any serious implications on the results of
intracellular glycerol syntheis and turnover rates.
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Table 6.4 : The content and rate of synthesis of lipid glycerol in D .
tertiolecta. (The alage were grown and adapted in
either 0.17 or 0.7 M NaCl

a medium containing

in the medium).

Parent Strain Mutant
[ NaCl ] M
0.17

0.7

0.17

0.7

Rate of Glycerol Incorporation into Glycerolipids :
,nmol.14C-Glycerol.mg-1Chl. h"1
14

1

nmol. C-Glycerol.mg" Chl. min"
nmol.

14

72

77

37

21

1.2

1.28

0.62

0.35

1.35

0.8

1

C-Glycerol.p.mol"JGlycerol. h"1 186 213 81 48

nmol.14C-Glycerol.pmol"Glycerol. min"1 3.1

3.56

nmol.14C-Glycerol.mg_1Protein. h"1 6.2 6.53 2.23 1.41
nmol.14C-Glycerol.mg_1Protein. min"1
0.10
0.11
0.037

0.024

amoL^C-GlyceroLCeir^h"1 130 151 52.8 33.6
amol^C-GlyceroLCelKmin" 1

2.16

2.52

0.88

0.56

360

455

436

Glycerol Pool in the Glycerolipids :
(nmol Glycerol, mg" 1 Chlorophyll)
TURNOVER :
Half Time for Turnover of Glycerol

387

161

140

368

623

Pool in the Glycerolipids (Min)
Ratio of Normal Glycerol Pool(A) : Glycerol Pool in the GlyceroIipids(B)
18 : 1

160 : 1

23 : 1

144 : 1

Total Photosynthesis (10"2 )

0.12

0.1

0.1

0.06

Per Unit Chlorophyll

0.7

1.1

0.29

0.17

0.9

1.8

0.17

0.18

(Relative Units
%

14

A:B)

C-Glycerol in Glycerolipids :

Per Unit Glycerol

(10"3 )

CHAPTER 7
THE EFFECT OF SALT AND DILUTION STRESS
ON THE METABOLISM OF GLYCEROL IN
PARENT STRAIN AND THE HL 25/8 MUTANT OF
Dunaliella tertiolecta

THE EFFECT OF SALT AND DILUTION STRESS ON THE
METABOLISM OF GLYCEROL IN PARENT STRAIN AND THE
H L 25/8 M U T A N T O F Dunaliella tertiolecta
7.1 : Introduction :
The presence of high concentrations of photosynthetically synthesized
glycerol in D. tertiolecta (grown in high concentrations of NaCl) w a s first
demonstrated by Craigie and McLachlan (1964). Subsequently, photosynthetic
glycerol production was confirmed in a few other species of Dunaliella. W e g m a n n
(1971) showed that photosynthetic glycerol production is osmotically regulated. Its
function in Dunaliella is to serve as an osmoregulator. W h e n cells of Dunaliella are
exposed to salt or dilution stress, the glycerol content changes until a new steady-state
level is achieved (Ben-Amotz 1980). Thus osmoregulation in Dunaliella depends on
the synthesis and the dissimilation of intracellular glycerol under hypertonic and
hypotonic conditions, respectively.
Ben-Amotz (1975) and Wegmann (1979) have proposed that glycerol is
synthesized from two different carbon sources. In the light D H A P is provided by
photosynthetic carbon dioxide fixation, and in the dark D H A P is generated by
metabolic degradation of starch. There were two school of thought about the synthetic
and degradative pathways of glycerol in Dunaliella. According to Ben-Amotz (1980),
glycerol is synthesized by the hydrolysis of D H A P to dihydroxyacetone, which is
reduced to glycerol by dihydroxyacetone reductase. The other pathway was proposed
by W e g m a n n (1979), that glycerol is synthesized from D H A P by a glycolytic type
reaction sequence involving glycerol-P-DH to glycerol-3-Phosphate, which is
hydrolysed to glycerol by glycerol-3-P-phosphatase. Glycerol is dissimilated by the
oxidation of glycerol to D H A which

is then

phosphorylated to D H A P by

DHA-kinase. Initially Brown's research group supported the Ben-Amotz proposal, but
on the basis of further work they have acknowledged Wegmann's proposal (Brown et
al. 1982).
The strains of Dunaliella and the physiological state of the cells used by
different investigators are not always identical. The results of most authors on salt or
dilution stress induced-changes in photosynthesis and glycerol metabolism are
conflicting; and the values are differing by an order of magnitude (see table 1.5-1.8).
For example, Kaplan et al. (1980) reported photosynthetic oxygen evolution rates of
254 to 403 pmol oxygen mg" 1 . chl. h"1 when D. salina was salt stressed from 1.5 to
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2.1 M NaCl, but the photosynthetic 14C02-fixation remained unchanged O n the other
hand Kessly and B r o w n (1981) reported photosynthetic oxygen evolution rates of 10
and 35 to 40 p m o l oxygen m g " 1 . chl . h" 1 in D. tertiolecta and D. viridis ,
respectively. It is n o w belived that the process of glycerol synthesis and dissimilation
is initiated very quickly, that is, can be detected within minutes after the transition.
Thus the mechanism of response to salt or dilution stress is always present and is
rapid. Glycerol synthesis can occur in the abesence of protein synthesis (Borowitzka et
al. 1977, Kessly 1978 Ph.D. Thesis, University of N e w South Wales, Australia ) and
in darkness (Ben-Amotz and Avron 1975).
The kinetics of synthesis and dissimilation of glycerol upon transition from
low to high salt concentration or vice versa have not been studied in detail (except
Gimmler and Moller 1981; Gimmler et al. 1981 w h o have presented the data from a
single experiment). If the effects of salt or dilution stress on photosynthesis and
glycerol metabolism are to be properly characterized, a detailed investigation on the
kinetics of these two parameters is warranted.
The experiments presented in this chapter were aimed to elucidate the effects
of salt and dilution stress on :
1. Photosynthetic oxygen evolution in light, and dark respiration.
2. 14C-fixation (net photosynthesis), 14C-incorporation into ethanol-soluble and
insolublefractions,and 14C-glycerol synthesis from photosynthesis.
3. Rate of synthesis and dissimilation of glycerol under salt or dilution stress
conditions in light.

4. Relative contribution of photosynthesis and starch breakdown to glycerol synthesis
in light
7.2 : Methods :
Cultures of parent strain and the HL 25/8 mutant were grown and adapted at
0.17 M NaCl for salt stress experiments; and at 1.53 (parent strain) and 1.0 M NaCl
(HL 25/8 mutant) for dilution stress experiments. Salt or dilution stress was applied in
a single step by adding appropriate volumes of 4.46 M NaCl or buffer according to
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the protocol (Tables 2.1 and .2.2), or appropriate amounts of solute in the reacti
vessel of the oxygen electrode. The photosynthetic oxygen evolution rates were
measured before and immediately after the onset of salt or dilution stress . The
positive values in the graphs represent oxygen evolution, and negative values are
oxygen uptake.
The other analytical methods used were essentially the same as described in
chapter 2.
7.3 : Results :
7.3.1 : Photosynthetic Oxygen Evolution :
When cultures of parent strain and the mutant were exposed to a salt stress
(0.17 M to 0.4 M NaCl) an increase (22-27%) in photosynthetic oxygen evolution
(PSOE) was observed (Figure 7.1). A larger increase in salt stress (0.17 M to 1.0 M
NaCl) diminished salt induced P S O E . W h e n the salinity of the external medium was
increased above 1.0 M NaCl, P S O E was completly inhibited and replaced by oxygen
uptake. In the control suspension of the mutant P S O E was about half of that of its
parent strain (Figure 7.1). After onset of a salt stress, the P S O E was delayed by 3 min
(0.7 M NaCl) and about 6 min (1.0 M NaCl), and linear rates were obtained 5 min
.(0.7 M NaCl) and 18 min (1.0 M NaCl) after light was turned on.
On the other hand, in both strains PSOE decreased progressively with
increasing dilution stress (Figure 7.2). W h e n the cells of parent strain were transferred
from 1.53 M to 0.53 M NaCl, P S O E was only about 4 0 % of the control. The mutant
showed about 5 0 % inhibition when transferred from 1.0 M

to 0.53 M NaCl (The

mutant could not grow at the NaCl concentrations higher than 1.0 M ) . After two-fold
dilutions of the cultures, parent strain and the mutant exhibited 3 5 % and 5 0 %
inhibition of P S O E , respectively, suggesting that the mutant is more sensitive to
dilution stress.
Respiratory oxygen uptake increased progressively with dilution stress.
W h e n parent strain was exposed to a dilution stress from 1.53 M to 0.53 M NaCl dark
respiration was increased by about 5 0 % over the control. O n the other hand respiratory
oxygen uptake was unaffected by salt stress (Table 7.1).
In order to ascertain whether the change in PSOE was caused by the change
in ionic strength of the medium or osmolality, further experiments were undertaken

Figure 7.1 : Effect of salt stress on net photosynthetic oxygen evolution
in parent strain ( • ) and the H L 25/8 mutant (• ) of D. tertiolecta.
Cultures were grown and adapted in the m e d i u m containing 0.17 M
NaCl, and stressed by exposing to 0.4 M , 0.7 M , 1.0 M , 1.2 M

and

1.53 M NaClfinalconcentration. Photosynthetic oxygen evolution was
measured immediatly after the onset of salt stress.
The vertical bars represent the standard deviation for six determinations
on each of eight separate experiments (parent strain) and four replicates
(mutant) experiments.
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Figure 7.2 : Effect of dilution stress on net photosynthetic oxygen
evolution in parent strain (• ) and the H L 25/8 mutant ( •

) of D.

tertiolecta.
Cultures were grown and adapted in the m e d i u m containing 1.53 M
NaCl (parent strain) and 1.0 M N a C l (mutant), and stressed by
exposing to 1.06 M , 0.8 M , 0.53 M ,

N a C l final concentration.

Photosynthetic oxygen evolution was measured immediatly after the
onset of dilution stress.
The vertical bars represent the standard deviation for six determinations
on each of four separate experiments (parent strain ) and three replicates
(mutant) experiments.

153
Control

106

[NaCl] M

0-8

0-53

Figure 7.3 : Effect of solute stress on net photosynthetic oxygen
evolution in D .tertiolecta .
Cultures were grown and adapted in the m e d i u m containing 0.17 M
NaCl. After 5 min of photosynthetic oxygen evolution solute stress was
applied by adding appropriate amounts (0.5 M or 1.0 M

or 1.5 M ) of

solutes in the reaction vessel of the oxygen electrode. Photosynthetic
oxygen evolution was measured immediately after the onset of solute
stress. After the measurement, the volume of the reaction mixture was
measured and all results were corrected for the increase in volume of the
reaction mixture.
The vertical bars represent the standard deviation for six determinations
on each of four separate experiments.
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using organic solutes. Glycerol and sorbitol were used to increase the osmolality of the
medium without changing ionic strength. Choline chloride, K C 1 and NaCl were also
used for the purpose of comparison. P S O E was measured in the parent strain after
solute stress. At any specified concentration of a solute, glycerol and sorbitol were
least inhibitory followed by choline chloride, whereas NaCl and K C 1 caused equally
the strongest inhibition (Table 7.2). However, if the results are plotted against the
osmolality of the reaction medium (see Table 7.3), all solutes caused more or less
same level of inhibition at any specified osmolality (Figure 7.3).
7.3.2 : Short Term Changes in Photosynthetic ^4C-fixation and
Glycerol Synthesis Induced by Salt Stress :
In order to determine the effect of salt stress on photosynthesis and glycerol
synthesis, a series of 14C02-fixation experiments with a range of 14C-incorporation
times (30 seconds to 10 min) were performed on the cultures of both strains.
The photosynthetic 14C02-incorporation in the cultures of both strains is
shown in Figures 7.4 a and 7.4 b . W h e n the cells of parent strain (grown at 0.17 M
NaCl) were stressed to 0.4 M and 0.7 M NaCl, photosynthesis increased over the
control by 6 2 % and 4 0 % respectively, whereas, under the same conditions only 4 0 %
and 3 0 % increase in photosynthesis was observed in the mutant. In both organisms,
higher salt stress (1.0 M ) caused a lag of about two minutes, and photosynthesis was
only about 6 0 % of the control.
During a salt stress, incorporation of 14C into the ethanol-soluble fraction
followed essentially the same pattern as that of net photosynthesis (Figures 7.5 a and
7.5 b). In both organisms, the rate of 14C-incorporation into the ethanol-soluble
fraction was increased over the control by 1 0 0 % at 0.4 M NaCl and about 6 5 % at 0.7
M NaCl. However, at higher salt stress (1.0 M NaCl) the rate of 14C-incorporation
into the ethanol-solublefractionwas only 8 3 % and 5 6 % of the control in parent strain
and the mutant, respectively.
In the ethanol-insoluble fraction, a significant amount of label was
incorporated in the control culture, whereas the salt-stressed culture incorporated only
negligible amounts of radioactivity (Figures 7.6 a and 7.6 b). In the control culture of
parent strain and the mutant, the rate of incorporation of radioactivity into the
ethanol-insolublefractionwas about 14 and 6 pmol carbon atom, m g " 1 Chi. h"1,
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respectively. In the control cultures, the ethanol-insolublefractionaccounted for about
2 5 - 3 0 % of total X ^ C - incorporation, whereas, in the stressed yy^:• the
ethanol-insoluble fraction accounted for only about 0-1.3% of total R e incorporation.

Figure 7.4 a : Effect of salt stress on total ( i4 C-fixation)
photosynthesis in the parent strain .
Organisms were adapted to 0.17 M NaCl (•) and stressed by exposing
to 0.4 M (• ), 0.7 M ( A ) and 1.0 M (•) NaClfinalconcentration.
The 14C-fixation measurements were begun immediately after the onset
of the stress.

Figure 7.4 b : Effect of salt stress on total (14C-fixation)
photosynthesis in the mutant.
Organisms were adapted to 0.17 M NaCl (•) and stressed by exposing
to 0.4 M (•), 0.7 M ( A ) and 1.0 M ( 4 ) NaClfinalconcentration.
The 14C-fixation measurements were begun immediately after the onset
of the stress.
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Figure 7.5 a : Effect of salt stress on total 14C-incorporation into
ethanol-solublefractionin the parent strain .
Organisms were adapted to 0.17 M NaCl ( # ) and stressed by exposing
to 0.4 M (• ), 0.7 M (•)

and 1.0 M (•)

NaClfinalconcentration.

The 14C-fixation measurements were begun immediately after the onset
of the stress.

Figure 7.5 b : Effect of salt stress on total 14C-incorporation into
ethanol-solublefractionin the mutant
Organisms were adapted to 0.17 M NaCl (•) and stressed by exposing
to 0.4 M ( • ), 0.7 M (• ) and 1.0 M (• ) NaClfinalconcentration.
The 14C-fixation measurements were begun immediately after the onset
of the stress.
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Figure 7.6 a : Effect of salt stress on total 14C-incorporation into
ethanol-insolublefractionin the parent strain.
Organisms were adapted to 0.17 M NaCl ( •

) and stressed by

exposing to 0.4 M ( • ), 0.7 M ( A ) and 1.0 M ( + ) NaCl final
concentration. The 14C-fixation measurements were begun immediately
after the onset of the stress.

Figure 7.6 b : Effect of salt stress on total 14C-incorporation into
ethanol-insolublefractionin the mutant.
Organisms were adapted to 0.17 M NaCl ( •

) and stressed by

exposing to 0.4 M ( • ), 0.7 M ( • ) and 1.0 M ( • ) NaCl final
concentration. The 14C-fixation measurements were begun immediately
after the onset of the stress.
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Figure 7.7 a : Effect of salt stress on total 14C-incorporation into
glycerol in the parent strain
Organisms were adapted to 0.17 M NaCl ( •

) and stressed by

exposing to 0.4 M ( • ), 0.7 M ( • ) and 1.0 M ( • ) NaCl final
concentration. The 14C-fixation measurements were begun immediately
after the onset of the stress.

Figure 7.7 b : Effect of salt stress on total 14C-incorporation into
glycerol in the mutant Organisms were adapted to 0.17 M NaCl ( • )
and stressed by exposing to 0.4 M (• ), 0.7 M ( A ) and 1.0 M ( + )
NaClfinalconcentration. The 14C-fixation measurements were begun
immediately after the onset of the stress.
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Table 7.1 : Effect of salt and dilution stress on respiratory oxygen
upake in parent strain of D. tertiolecta.
Cultures were adapted at 0.17 M NaCl (for salt stress) or at 1.53 M NaCl (for dilution
stress). Cells were exposed to a specified salinity in darkness by adding appropriate
volumes of either 4.46 M NaCl (for salt stress) or buffer (for dilution stress).
Measurements were made immediately after the onset of an appropriate stress.

[ NaCl ] M
Control

|imol Oxygen Uptake mg" 1 Chi. h"1

Stressed

Salt Stress

% Change
over control

n = 6

0.17

-

17.5 ± 2.3

_

0.17

0.4

17.8 ± 3.5

+1

0.17
0.17

0.7

18.4 ± 2.7
18.2 ± 3.0

+5
+6

1.0

Dilution Stress

n = 6

1.53

_

18.9 ±3.5

..

1.53

1.06

24.8 ± 2.2

+31

1.53

0.80

1.53

0.53

27.6 ± 1.8
28.2 ± 2.7

+46
+49
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Table 7.2 : Effect of

solute concentration on photosynthetic oxygen

evolution in parent strain of D. tertiolecta.
Cultures were adapted at 0.17 M NaCl. After 5 min of preillumination a solute
was applied by adding an appropriate amount of a solute to the reaction vessel of the
oxygen electrode and oxygen evolution was measured
C O N T R O L = 1 0 0 % (Photosynthetic Oxygen evolution in the cells adapted at 0.17 M
NaCl)
Final concentration [M] of Solute Added to the Reaction Mixture
Solute
0.5 M

1.0 M

1.5 M

% of Control

NaCl

64.2

-7.7

KC1

60.0

-6.6

Sorbitol

87.0

62.7

-11.6

Glycerol

93.0

63.0

-10.6

Choline Chloride 80.0 -4.0
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Table 7.3 : Osmolality of the Reaction Mixture for the Photosynthetic
Oxygen evolution Experiments.
The results are means (± SE) of six determinations on each of three separate
experiments. Osmolality was mesured by osmometre, see methods (2.3.6.4)
(A) For Solute Stress Experiments :
Final concentration [M] of Solute Added to the Reaction Mixture
Solute

1.0 M

0.5 M

1.5 M

Osmolality mmol. kg"* Water

1256 ± 3

2172 + 3
2160 + 7

_
_

Choline Chloride

1215 ± 10

1925 ± 1 2

_

Sorbitol

870 ± 4

Glycerol

908 ± 3

1350 ± 7
1615 ± 3

1825 ± 5
1945 ± 7

NaCl

1229 ± 2

KC1

£B) For Salt or Dilution Stress Experiments
Treatment / Salt Concentration
Control 0.17 M NaCl
0.4 M NaCl
0.53 M

NaCl

0.7 M NaCl
0.8 M NaCl

1.0 M NaCl
1.06 M NaCl
1.3 M NaCl
1.53 M NaCl
1.6 M NaCl

:

Osmolality

mmol. kg"* Water

375 ± 3
792 ± 3
958 ± 10
1303 ± 2
1420 ± 5
1885 ± 10
1890 ± 6
2280 ± 5
2855 ± 5
2915 ± 17
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Following a salt stress, the rate of i4C-incorporation into glycerol was
greatly stimulated. Linear rates of incorporation of 1 4 C into glycerol were obtained
after an initial lag of about two minutes (Figures 7.7 a and 7.7 b). W h e n cells of both
strains were exposed to a final N a C l concentration of 0.4 M , the initial rate of
incorporation of label into glycerol was about three times higher than the control. At
0.4 M NaCl, glycerol was synthesized at a rate of 14.5 and 7.5 umol 14C-glycerol
mg^Chl.h" 1 in parent strain and the mutant respectively. The rate of 14C-glycerol
synthesis decreased progressively with further increase in salt stress, but always
remained higher than the control. However, the proportion of total ethanol-soluble
radioactivity into glycerol increased progressively with increasing salt stress (Table
7.4).
7.3.3 : Short Term Changes in Photosynthetic 14C-fixation and
Glycerol Synthesis Induced by Dilution Stress.
The incorporation of 14C into the ethanol-soluble fraction decreased
progressively with increasing dilution stress (Figures 7.8 a and 7.8 b). Photosynthetic
14

C-incorporation also followed the same pattern as the ethanol-soluble fraction

(results not shown). The radioactivity was incorporated into the ethanol-insoluble
fraction at a rate of 4.2 and 1.8 umol carbon atommg^Chl.h" 1 , which accounted for
less than 1 0 % of the total 14C-incorporation in the control suspension of parent strain
and the mutant respectively, whereas stressed suspensions incorporated only a
negligible amount of radioactivity (less than 1 % of the total incorporation), (results
not shown),
The degree of inhibition of 14C-incorporation largely depends on the extent
of dilution stress. U p o n a dilution stress from 1.0 M to 0.7 M and 0.17 M NaCl,
14

C-incorporation into the ethanol-soluble fraction was 9 3 % and 6 3 % of control

(parent strain) and 7 6 % and 5 5 % of control (Mutant), respectively.
The incorporation of 14C into glycerol continues during dilution stress, but
at a very reduced rate (Figures 7.9 a and 7.9 b). U p o n a dilution stress from 1.0 M to
0.17 M NaCl, 1 4 C - glycerol synthesis proceeded at a rate of 0.5-1.0 jumol
1

glycerol mg^Chl.h" , which was about fourtimeslower than the control.

14

C-

Figure 7.8 a : Effect of dilution stress on total 14C-incorporation into
ethanol-solublefractionin the parent strain
Organisms were adapted to 1.0 M NaCl ( D ) and stressed by exposing
to 0.7 M ( • ), 0.4 M ( O ) and 0.17 M (• ) NaClfinalconcentration.
The 14C-fixation measurements were begun immediately after the onset
of the stress.
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C- INCORPORATION INTO ETHANOL-SOLUBLE FRACTION
( jjmol14C-atoms . mg-1 Chi.)

S
m

?
5°

Figure 7.8 b : Effect of dilution stress on total i4C-incorporation into
ethanol-solublefractionin the mutant.
Organisms were adapted to 1.0 M NaCl ( • ) and stressed by exposing
to 0.7 M ( •

), 0.4 M ( O
14

) and 0.17 M ( •

) NaCl final

concentration. The C-fixation measurements were begun immediately
after the onset of the stress.

(1M0i^ui* 6iuo»B-ot,tJOUin' )
NOIlOVUd 3iamOS-nONVH13 OINI NOLLVUOdHOONI -0

Pi

Figure 7.9 a : Effect of dilution stress on total 14C-incorporation into
glycerol in the parent strain
Organisms were adapted to 1.0 M NaCl ( • ) and stressed by exposing
to 0.7 M ( •

), 0.4 M ( O

) and 0.17 M ( #

) NaCl final

concentration. The 14C-fixation measurements were begun immediately
after the onset of the stress.
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Figure 7.9 b : Effect of dilution stress on total i4C-incorporation into
glycerol in the mutant.
Organisms were adapted to 1.0 M NaCl ( • ) and stressed by exposing
to 0.7 M ( •

), 0.4 M ( O

) and 0.17 M ( •

) NaCl final

concentration. The 14C-fixation measurements were begun immediately
after the onset of the stress.
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Table 7.4 : T h e incorporation of ethanol-soluble radioactivity into
glycerol during 30 sec-10 min photosynthesis following salt stress.
Values shown in this table are means of three determinations on each of four separate
replicate experiments.
Time of

14

C % Of Total Ethanol-Soluble Radioactivity in Glycerol

Incorporation
(min)

0.17 M

[ NaCl 1 in the Medium
0.4 M
0.7 M

1.0 M

PS M PS M PS M PS M

0.5

11

12

41

30

47

52

18

30

1.0

14

16

50

50

53

57

31

45

2.0

31

16

55

51

61

57

57

50

4.0

32

32

63

55

64

60

64

52

6.0

35

32

63

66

66

65

69

67

8.0

36

36

68

73

69

67

83

73

10.0

37

36

71

73

72

70

85

79

PS
M

Parent strain
H L 25/8 Mutant
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7.3.4 : Effect of Salt Stress on Glycerol Biosynthesis :
The short-term 14C-fixation experiments indicate that salt stress causes an
elevated glycerol synthesis. It was suggested previously that in the light starch
breakdown might contribute to glycerol synthesis. In order to investigate this
suggestion, further long-term 14C-fixation experiments were undertaken to elucidate
the relative contributions of photosynthesis and the starch breakdown to glycerol
biosynthesis. The algae were grown and adapted at 0.17 M and 0.7 M NaCl then
exposed to various magnitude of salt stress.
Following a salt stress, 14C-incorporation from 14C-bicarbonate into
ethanol-solublefraction(Figures 7.10 a and 7.10 b), 14C-incorporation into glycerol
(Figures 7.11 a and 17.1 b) and the total intracellular glycerol pool (Figures 7.12 a and
7.12 b) were measured over a period of 0 to 60 min. The rate of 1 4 C - glycerol
synthesis (as a measure of that contributed by photosynthesis) and the rate of increase
of intracellular glycerol pool (as a measure of total synthesis) were determined from
the linear parts of the time courses (Figures 7.11 a, 7.11 b and 17.2 a, 7.12 b). The
rates of 14C-glycerol synthesis and the rates of total glycerol synthesis are
summarised in Figures 7.13 a and 7.13 b.
The rates of total glycerol synthesis in D. tertiolecta were substantially
higher than that arising from

14

C-fixation. The contribution of starch breakdown to

glycerol synthesis was estimated from the difference between the total glycerol formed
and that arising from 14C-fixation. This increased progressively with increasing salt
stress (Figures 7.13 a and 7.13 b). At the highest salt concentration 1 4 C - glycerol
synthesis was almost completely inhibited, showing that glycerol was synthesized
exclusively from the products of starch breakdown . It is interesting to note that the
maximal rate of 14C-glycerol synthesis was of the order of 15 to 20 umol14C-glycerol
mg^Chl.h" 1 , whereas the total glycerol synthesis reached about 70 pmol glycerol
mg"1Chl.h"1. It should be noted that, in these illuminated algae, at all salt stresses
carbon for glycerol biosynthesis was contributed by starch breakdown as well as by
photosynthesis.
7.3.5 : Effect of Dilution Stress on Glycerol Metabolism :
The short-term 14C-incorporation experiments revealed that glycerol
synthesis continues after a dilution stress, but at a very reduced rate. Therefore it was
decided to determine, what happens to the glycerol dissimilation pathway when

Figure 7.10 a : Effect of salt stress on total i4C-incorporation into
ethanol-solublefractionin the parent strain
Organisms were adapted to 0,17 M NaCl ( •

) and stressed by

exposing to 0.4 M ( O ), 0.7 M ( D ), 1.0 M ( • ) and 1.2 M ( A )
NaClfinalconcentration. The 14C-fixation measurements were begun
immediately after the onset of the stress.
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Figure 7.10 b : Effect of salt stress on total 14C-incorporation into
ethanol-solublefractionin the parent strain
Organisms were adapted to 0.7 M NaCl ( •

) and stressed by

exposing to 1.0 M ( O ), 1.3 M ( D ), 1 . 6 M ( | ) a n d 2 . 0 M ( A )
NaCl final concentration. The 14C-fixation measurements were begun
immediately after the onset of the stress.
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Figure 7.11 a : Effect of salt stress on total 14C-incorporation into
glycerol in the parent strain
Organisms were adapted to 0.17 M NaCl ( #

) and stressed by

exposing to 0.4 M ( O ), 0.7 M ( • ), 1.0 M ( • ) and 1.2 M ( A )
NaClfinalconcentration. The 14C-fixation measurements were begun
immediately after the onset of the stress.

Figure 7.11 b : Effect of salt stress on total '

-

' : \-<v>.

glycerol in the parent strain
Organisms were adapted to 0.7 M NaCl ( •

) and stressed by

exposing to 1.0 M ( O ), 1.3 M ( D ), 1.6 M ( • ) and 2.0 M ( A )
NaClfinalconcentration. The 14C-fixation measurements were begun
immediately after the onset of the stress.
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Figure 7.12 a : Effect of salt stress on total intracellular glycerol
pool/content in the parent strain
Organisms were adapted to 0.17 M NaCl ( •

) and stressed by

exposing to 0.4 M ( O ), 0.7 M ( • ), 1.0 M ( • ) and 1.2 M ( A )
NaClfinalconcentration.
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Figure 7.12 b : Effect of salt stress on total ' ..."_." \ glycerol
pool/content in the parent strain
Organisms were adapted to 0.7 M NaCl ( • ) and stressed by exposing
to 1.0 M ( O ), 1.3 M ( o ). 1-6 M ( • ) and 2.0 M ( A ) NaCl
final concentration.
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Figure 7.13 a and 7.13 b : Effect of salt stress on the rate of total
glycerol synthesis and rate of incorporation of 1 4 C - into glycerol. The
rates were calculated from the linear part of the F I G U R E S 7.11 a, 7.11
b a n d 7.12 a, 7.12 b.
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Figure 7.14 : Effect of dilution stress on total 14C-incorporation into
ethanol-solublefractionin the parent strain
Organisms were adapted to 1.0 M NaCl ( •

) and stressed by

exposing to 0.7 M ( • ), 0.4 M ( O ) and 0.17 M ( •
14

) NaCl final

concentration. The C-fixation measurements were begun immediately
after the onset of the stress.
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Figure 7.15 a : Effect of dilution stress on total14C-incorporation into
glycerol in the parent strain.
Organisms were adapted to 1.0 M NaCl ( D ) and stressed by exposing
to 0.7 M ( •

), 0.4 M ( O

) and 0.17 M ( •

) NaCl final

concentration. The 14C-fixation measurements were begun immediately
after the onset of the stress.

Figure 7.15 b : Effect of dilution stress on total intracellular glycerol
pool / content in the parent strain
Organisms were adapted to 1.0 M NaCl ( D ) and stressed by exposing
to 0.7 M ( •
concentration.
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Figure 7.16 : Effect of dilution stress on the rate of total glycerol
dissimilation and rate of incorporation of 1 4 C - into glycerol. The rates
were calculated from the linear part of the Figures 17.5 a and 7.15 b .
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photosynthetic glycerol production is reduced during the dilution stress. Cultures were
grown and adapted at 1.0 M NaCl, and the algae were exposed to various magnitudes
of decreasung salinity (dilution stress). The 14C-incorporation into the ethanol-soluble
fraction (Figure 7.14), 14C-incorporation into 14C-glycerol (Figure 7.15 a) and the
total intracellular glycerol pool (Figure 7.15 b) were measured over a period of 0 to 40
min.
The rates of 14C-incorporation into glycerol (as a measure of glycerol
synthesis) and rates of decrease of the intracellular glycerol pool (as a measure of
glycerol dissimilation) were determined from the linear parts of the graphs (Figures
7.15 a and 7.15 b). The rates of 14C-glycerol synthesis and glycerol dissimilation are
shown in Figure 7.16. During the dilution stress, the rate of glycerol synthesis was
greatly reduced whereas the rate of glycerol dissimilation increased progressively with
increasing dilution stress. W h e n cells of D.tertiolecta were exposed to a dilution
stress from 1.0 M to 0.17 M NaCl, glycerol dissimilation occured at a rate of 135
umol glycerol m g " 1 Chi. h" 1 (Figure 7.16).
7.3.6 : The 14C-Labelling Pattern of Products of Photosynthesis :
To determine the fate of CO2 fixed during photosynthesis in Dunaliella ,
some experiments of 14C02-fixation were performed for different lengthiof time in
control and salt stress conditions. The products of photosynthesis were separated by
two-dimensional thin-layer chromatography.
The results of 14C-distribution into photosynthates during salt stress in
parent strain and the mutant are shown in Figures 7.17 and 7.18, respectively. After
exposure to

C O 2 for one minute, autoradiograms revealed the presence of P G A ,

sugar phosphates, glycerol, alanine, aspartate, glutamate, glycine, serine and
glycolate. The labelling of all these compounds was affected by salt stress. In the first
30 seconds to 1 minute, most of the radioactivity was incorporated in P G A , sugar
phosphates, aspartate, glutamate, glycine and serine . The proportion of label in these
metabolites generally decreased with increasing time of 14C02-incorporation and the
magnitude of salt stress, but increased progressively into glycerol (Table 7.4). It is
interesting to note that glycine and serine contained about 1 5 % of the total
ethanol-soluble radioactivity in the mutant as compared to about 5 % in parent strain.
The results also show that with higher salinity, radioactivity could not be detected in
alanine in either strains, or in glycolate in the parent strain.

Figure 7.17 a : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the parent strain. Cultures were
adapted in the medium containing 0.17 M NaCl. Results are mean of
three determinations on two separate replicate experiments.

Figure 7.17 b : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the parent strain. Cultures were
adapted in the m e d i u m containing 0.17 M NaCl, and stressed by
exposing to 0.4 M NaCl final concentration. The
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C-fixation

measurements were begun immediately after the onset of the stress.
Results are m e a n of three determinations on two separate replicate
experiments.
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Figure 7.17 c : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the parent strain. Cultures were
adapted in the medium containing 0.17 M NaCl, and stressed by
exposing to 0.7 M NaCl final concentration. The
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C-fixation

measurements were begun immediately after the onset of the stress.
Results are mean of three determinations on two separate replicate
experiments.

Figure 7.17 d : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the parent strain. Cultures were
adapted in the medium containing 0.17 M NaCl, and stressed by
exposing to 1.0 M NaCl final concentration. The

14

C-fixation

measurements were begun immediately after the onset of the stress.
Results are mean of three determinations on two separate replicate
experiments.
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Figure 7.18 a : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the mutant. Cultures were adapted
in the m e d i u m containing 0.17 M NaCl. Results are m e a n of three
determinations on two separate replicate experiments.

Figure 7.18 b : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the mutant. Cultures were adapted
in the m e d i u m containing 0.17 M NaCl, and stressed by exposing to
0.4 M NaCl final concentration. The 14C-fixation measurements were
begun immediately after the onset of the stress. Results are m e a n of
three determinations on two separate replicate experiments.
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Figure 7.18 c : Effect of salt stress on the 14C-distribution pattern into
some photosynthetic metabolites of the mutant. Cultures were adapted
in the medium containing 0.17 M NaCl, and stressed by exposing to
0.7 M NaCl final concentration. The 14C-fixation measurements were
begun immediately after the onset of the stress. Results are mean of
three determinations on two separate replicate experiments.

Figure 7.18 d : Effect of salt stress on the 14C-distribution pattern
some photosynthetic metabolites of the mutant. Cultures were adapted
in the medium containing 0.17 M NaCl, and stressed by exposing to
1.0 M NaCl final concentration. The 14C-fixation measurements were
begun immediately after the onset of the stress. Results are mean of
three determinations on two separate replicate experiments.
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7.4 : Discussion :
7.4.1 : Photosynthetic O x y g e n Evolution :
The experimental results clearly demonstrate that salt and dilution stress
have significant effects on P S O E (Figures 7.1 and 7.2). The P S O E is stimulated at
lower salt stress but inhibited by higher salt stress. A s mentioned in the results that w e
could not detect any transient increase in the salt-induced P S O E , which was observed
by Kaplan et al. (1980) in D. salina.. Thus the observed salt-induced P S O E in D.
tertiolecta was not transient but it was continious after a short lag. The salt-induced
P S O E largely depends on the magnitude of the salt stress and species of Dunaliella.
From the results it appears that D. tertiolecta has a limited capacity (about 2 1 % higher
than the control; 0.17 M NaCl adapted cells) of salt-induced P S O E . Gilmour et al.
(1982, 1984a ) could not detect any salt-induced P S O E in D. tertiolecta, but
Briiggemann et al. (1977), Kaplan et al. (1980) and Kessly and Brown (1981) have
reported salt-induced P S O E . The results reported in this chapter are fully comparable
with the rates of 14C-fixation (net photosynthesis) and the rates of photosynthetic
glycerol synthesis (see results).
The results of salt-stress induced changes in photosynthetic oxygen
evolution (PSOE ) reported by various authors are conflicting (see Table 1.8), and do
not support the glycerol synthesis capability of Dunaliella. Kessly and Brown (1981)
reported P S O E rates of about 10 and 35-40 umol oxygen mg^Chl.h" 1 , and the rates
of glycerol synthesis of about 100 and 160 p,mol glycerol m g ^ C h l h " 1 in D.tertiolecta
and in D.viridis, respectively. O n the other hand extremely high rates (254 to
403 |imol oxygen mg^Chl.h" 1 ) for £>. salina were reported (Kaplan et al. 1980). If
glycerol is predominantly synthesized from photosynthesis during a salt stress
(Wegmann 1971,1979; Gimmler 1980; Gimmler and Moller 19SI), Dunaliella would
require several hours to achieve a new steady-state level of glycerol.
The results of Kessly and Brown (1981) show that photosynthesis alone
can not support the rate of glycerol synthesis that occur during a salt stress (although
they did not mention this suggestion). During salt stress Kessly and Brown (1981)
could not detect any transient increase in the rate of photosynthetic oxygen evolution.
O n the other hand, Kaplan et al. (1980) reported a transient increase in the rate of
1

i

photosynthetic oxygen evolution of about 150 Limol oxygen mg'^Chl.h"-1 when D.
salina was salt stressed from 1.5 M to 2.1 M NaCl. This salt-induced transient
increase in the photosynthetic oxygen evolution is inconsistant with the slight
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inhibition of C02-fixation. If D. salina has such a high capacity for salt-induced
photosynthetic oxygen evolution, and more than 8 0 % of the photosynthetically fixed
carbon is contributed to the glycerol synthesis, then a n e w steady-state level of
glycerol should be achieved within few minutes after the transition to a higher salinity.
Again the data of these authors (Kessly 1978; Kessly and B r o w n 1981; Kaplan et al.
1980) do not support the rate of glycerol synthesis in D. tertiolecta, D. viridis and D.
salina.

In D. tertiolecta, increased levels of NaCl inhibit C02-dependent oxygen
evolution which is insensitive to D C M U (Gilmour et al. 1982), but C0 2 Tindepndent
oxygen evolution is sensitive to D C M U (Kaplan et al. 1980). Brown and Borowitzka
(1979) suggested that in the light cyclic photophosphorylation probably persists in a
salt stress condition, however, recently, by using a fluorescence technique Gilmour et
al. (1985) have demonstrated that ionic stress stimulates cyclic electron transport and
that non-cyclic electron transport is inhibited. From these reports, it is reasonable to
conclude that the non-cyclic photosynthetic electron transport pathway is sensitive to
salt or dilution stress, and is probably responsible for the stimulation or inhibition of
P S O E . However, at severe stresses w h e n P S O E is greatly suppressed, A T P for
glycerol metabolism is probably produced by the cyclic electron transport pathway.
At an equivalent concentration of an organic solute such as glycerol or
sorbitol does not inhibit P S O E as m u c h as ions. The results thus indicate that ions
inhibit P S O E more severely than the organic solutes (Table 7.2). The similarity in
inhibition of P S O E by equiosmolal level of organic solutes and salts indicates that the
inhibition was due primarily to the osmotic potential of the medium (Figure 7.3).
Dilution stress caused a marked inhibitory effect on PSOE (Figure 7.2).
This supports similar observation in D. salina (Kaplan et al. 1980 ) and in D.
tertiolecta (Gilmour et al. 1984 b ) . There was a stimulation in the rate of dark oxygen
uptake (dark respiration) at all dilution stresses (Table 7.2). This effect was not found
after a salt stress. However, Kessly and Brown (1981) reported an initial reduction in
the oxygen uptake (dark respiration) immediately after the onset of both the salt and
dilution stress in D. tertiolecta and D. viridis, which persisted for an extended period
(24-48 hours). The increase in the dark respiration (net oxygen uptake) would be
expected, if the N A D P H produced during the conversion of glycerol to starch
transition was oxidised by molecular oxygen. There are several reports that plant
mitochondria do not contain N A D P as a co-enzyme (Hawker and Laties 1963; Harmey
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etal. 1966; Ikuma 1972), however Arron and Edwards (1979, 1980) re-investigated
the oxidation of N A D H and N A D P H by isolated mitochondria, they found that both
N A D H and N A D P H are oxidised by a variety of plant rnitochondria.
7.4.2 : 14C-fixation, Glycerol Biosynthesis and Dissimilation :
Short-term 14C02~incorporation experiments have demonstrated that
photosynthetic carbon dioxide fixation can be stimulated by mild to moderate salt
stress (0.17 M to 0.4 M and 0.7 M NaCl) or inhibited by severe salt stress, but
glycerol synthesis is always stimulated. The salt-stress induced stimulation of
C02-fixation has been attributed to lowered quantum requirement of C02-fixation in
Dunaliella (Gimmler et al. 1981).
During salt stress, the incorporation of label into the ethanol-insoluble
fraction (largely starch) is diminished to very low levels, but enhanced into the
ethanol-soluble fraction (Figures 7.4 a and 7.5 a). The results indicate that starch
synthesis almost ceases during a salt stress; and glycerol synthesis is stimulated at the
expense of starch synthesis. During a salt stress, a substantial proportion (70-85%) of
total ethanol-soluble radioactivity is incorporated into glycerol. These results show that
increasing magnitude of salt stress leads to a preferential incorporation of
photosynthetically fixed carbon into glycerol. Other aspects of of salt-induced starch
metabolism in D. tertiolecta are investigated in chapter 8.
Ben-Amotz (1975) reported that glycerol biosynthesis begins within
minutes of the transition (salt stress) and proceeds to completion over 60-90 minutes
until a n e w steady state level is achieved. After a salt stress

Platymonas

subcordiformis is also k n o w n to take about the same length of time to bring about an
appropriate increase in its mannitol content (Kirst 1977). Several investigators have
concluded that, during a salt stress, glycerol is synthesized in the light by using the
products of photosynthetic C02-fixation ( W e g m a n n 1971, 1979, 1980; Ben-Amotz
and Avron 1978; Gimmler and Moller 1981; Gimmler et al. 1981 ), whereas in the
dark, glycerol is synthesized from the products of starch breakdown (Ben-Amotz
1975; Borowitzka et al. 1977; Brown and Borowitzka 1979 ).
Quantitatively it is difficult to explain the massive glycerol accumulation
during a transition in salt stress, is contributed

by a photosynthetic glycerol

production. If the glycerol is produced only from photosynthesis in light, it is difficult
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to account for the observed rapid rate of glycerol production during a salt transition.
The results of the present study clearly suggest that during a salt stress, both the
photosynthesis and starch breakdown contribute to glycerol biosynthesis (Figures 7.3
a and 7.13 b). The relative contributions of these two processes depend on the
magnitude of the salt stress. The results also indicate thatZ). tertiolecta has a limited
capacity to produce photosynthetic glycerol (15-20 umol 14C-glycerol m g - 1 Chi.
h" 1 ). However, recently W e g m a n n (1979) reported an unexpectedly high rate of
photosynthetic glycerol production (250-300 Ltmol 14C-glycerol m g - 1 Chi. h" 1 ). Such
high rates of photosynthetic glycerol production are not possible in D. tertiolecta
(Figures 7.13 a and 7.13 b), (Goyal et al. 1986).
The rate of glycerol synthesis has been reported to be the same in the light
and in the dark in D. parva (Ben-Amotz and Avron 1973 ; Ben-Amotz 1975 ) and in
D.tertiolecta (Borowitzka etal. 1911). In D. viridis the rate of glycerol synthesis was
slower in the dark and the final glycerol contents were about two-third of that obtained
with illumination (Brown and Borowitzka 1979, Kessly, unpublished results).
Dunaliella grown in high salinity usually have a low starch content relative to algae
grown with low salt concentration (personal observation). Therefore, it seems that
slower rate of glycerol synthesis in D. viridis m a y be caused by starch limitation.

With regard to the source of carbon for glycerol synthesis, it is reasonable to co
that

1. Dunaliella can be adapted to higher salinity in the dark, only if the cells are
with starch.
2. When Dunaliella is subjected to a salt stress a longer time will be required to
achieve a n e w steady state glycerol level if the initial starch content is low; in
starch-deficient cells glycerol will be synthesized only from photosynthesis.
When Dunaliella was exposed to a dilution stress, both photosynthetic
C02-fixation and glycerol synthesis were substantially reduced. This result is
consistent with Gimmler and Moller (1981), w h o also observed an increase of starch
in both light and dark conditions during a dilution stress. The results of the present
study thus indicate that rapid osmoregulation in Dunaliella involves both glycerol and
a storage product of photosynthesis, presumably starch. Osmoregulation in
Ochromonas

also involves an osmoregulatory solute, isofloridoside (IF,
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o-a-D-galactosyl pyranosyl-(l->l) glycerol) and a storage product P-(l-+3)-glucan
which is similar in principle to the biochemical mechanism of osmoregulation in
Dunaliella (Kauss 1977). However, in Dunaliella, glycerol metabolism operates in a
far broader concentration range than isofloridoside mechanism of osmoregulation in
Ochromonas.
With in the range of dilution stress that the cell can adapt to without physical
damage (1.53 M to 0.53 M or 1.0 M to 0.17 M NaCl) glycerol does not leak in the
external medium, indicating that dissimilation of glycerol in Dunaliella occurs purely
by a biochemical mechanism. Similar biochemical mechanism for isofloridoside
(Assimilation is also known in Ochromonas. O n dilution isofloridoside does not leak to
the external medium, but all the carbon from both the glycerol and galactose parts of
the molecule is transferred to the reserve |3-(1—>3) glucan (Kauss 1977, 1979).
However, W e g m a n n (1983) recently reported that, following a dilution stress in
D.tertiolecta, glycerol leakedto the external medium. From the results of W e g m a n n
(1983) it seems that some of the cells were damaged during the dilution stress. Very
high dilution stresses can cause Dunaliella cells to swell and burst (see Picture).

The cell of Dunaliella tertiolecta was transfered from 1.53 M to 0.17 M NaCl.
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The flow of carbon into and out of the glycerol pool under various salt and
dilution stress is smmarised in Figures 7.13 and 7.16 . T w o features are evident from
the results presented :
1. There is both synthesis and degradation of glycerol at any salinity (osmotic
pressure), even w h e n the pool size of glycerol is constant under steady-state
conditions.

2. A significant stimulation (increase) in the rate of synthesis of glycerol is obs
under conditions leading to higher intracellular glycerol concentrations (salt stress),
conversely the rate of glycerol degradation is greater after a dilution stress.
During a salt stress the glycerol synthetic pathway is stimulated and the
dissimilation pathway is suppressed resulting a net increase in the intracellular pool of
glycerol. During a dilution stress, the glycerol dissimilation pathway is greatly
stimulated and the glycerol synthesis pathway is suppressed causing a net decrease in
the intracellular glycerol pool.
From the results discussed above it may be concluded that regulation of the
glycerol pool size occurs at the sites of both synthesis and dissimilation. However, the
mechanism by which a change in the salinity of the m e d i u m singnals the induction of
glycerol biosynthesis is unclear. T h e possible role of pyridine nucleotides for the
induction of glycerol biosynthesis is discussed in Appendix -A .
7.4.3 : l4C-Labelling Pattern of Products of Photosynthesis :
The interpretation of patterns of short-term 14C02-fixation is not straight
forward. The early appearance of label in a particular photosynthetic product might be
more related to its positioning in the 14C-fixation pathway. That is, the rapid flow of
carbon through a small pool of photosynthetic product can be missed due to the
limitation of sensitivity of the technique and specific radioactivity of the N a H 1 4 C 0 3 .

The primary carbon dioxide fixation steps follow the Calvin cycle
pathway, as expected, P G A and sugar phosphates were labelled early. The results of
chapter 4 indicate that the mutant is affected by C O 2 limitation resulting in low
photosynthetic rates. The higher proportion of radioactivity in glycolate, glycine and
serine in the mutant might be a reflection of higher photorespiratory activity (Figures
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7.18). In Euglena gracilis Murray (1969, Ph.D. Thesis, University of Sydney) has
observed similar effects of C O 2 limitations on 14C-labelling patterns of glycolate,
glycine and serine. In higher plants glycine and serine usually retain higher proportion
of radioactivity under carbon dioxide limiting conditions than in normal conditions
(Lawlor 1976; Goyal 1986).
No radioactivity could be detected in alanine or glycolate in salt-stressed
cells of D. tertiolecta. It is possible that an increased demand for triose phosphate
( D H A P ) imposed by glycerol biosynthesis might have restrained the flow of carbon to
alanine, and glycolate. In general, the results of 14C-distribution pattern in the
products of photosynthesis are more or less consistent with W e g m a n n (1971) and
Ben-Amotz (1975). From the results it m a y be suggested that:
1. Both strains have similar 14C-distribution patterns into the products of
photosynthesis. T h e effect of mutation on the
photosynthetic products is mainly quantitative.

14

C-distribution pattern of

2. Salt stress-induced changes in the 14C-distribution into various photosynthates
also quantitative with minor qualitative differences. The results thus suggest that salt
stress affects the operation of some light and dark reactions of photosynthesis but does
not change the basic metabolic pattern of Dunaliella .

CHAPTER 8
THE MECHANISM OF INDUCTION OF
STARCH DEGRADATION BY SALT STRESS
IN Dunaliella tertiolecta

THE MECHANISM OF INDUCTION OF STARCH DEGRADATION
B Y S A L T S T R E S S I N Dunaliella tertiolecta

8.1 : Introduction :
The major storage products of photosynthesis in Dunaliella are starch and
glycerol. Glycerol is the major osmoregulatory solute in this alga which increases in
intracellular concentration with salinity of the medium. Starch, on the other hand,
decreases with salinity, and hence with glycerol (Gimmler and Moller 1981). This
suggests that both products compete for the same precursor, and can be inter
converted.

The enzymes for starch synthesis are ADPG-pyrophosphorylase and starch
synthetase, and enzymes for starch degradation are phosphorylase, a - and
^-amylase, phosphofructokinase, and the enzymes of the pentose phosphate pathway
for starch degradation. Finally the enzymes for glycerol synthesis are glycerol-3-P
D H and glycerol-3-P phosphatase, and enzymes for glycerol dissimilation are glycerol
D H and DHA-kinase.

It is now believed that, during photosynthesis, starch synthesis is initiated
by the activation of ADP-glucose synthesis from Glucose-1-P via the increase of
3-PGA concentration and decrease of Pj in the chloroplast that occurs during
photosynthesis in higher plants (Sanwal and Preiss 1967; Preiss and Levi 1979,1980;
Preiss and Walsh 1981; Preiss 1982 a, b; Preiss et al. 1985). It has been shown by
Kobayashi et al. (1979) and Kaiser and Bassham (1979), that energy charge values in
the chloroplast decrease in the dark and the A T P values of 1.0 m M in the light decrease
to about 0.2 m M in the dark. In darkness these conditions would thus inhibit starch
and ADP-glucose synthesis and starch degradation would follow as a consequence of
the higher Pj concentration stimulating phosphorylase action. A finely tuned
regulation of these systems is expected in Dunaliella to ensure that depending upon the
demands in the light or in the dark or upon the changes in the salinity of the medium,
starch can be converted either into glycerol or vice versa.
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So far, little is k n o w n about the regulation of glycerol metabolism in
Duanliella . The metabolite that functions as a starting point for both starch and
glycerol synthesis, however, is D H A P . Under steady-state conditions, a parallel
increase of both starch and glycerol content is observed during a light period. In the
dark period of the cycle, starch content declines, whereas the glycerol content of the
cell remains more or less constant (Briiggemann et al. 1978). O n the other hand,
however, w h e n Dunaliella is subjected to a salt stress the algae respond by
synthesizing intracellular glycerol in order to prevent physiological dehydration and to
readjust the internal glycerol concentration to the new osmotic potential of the medium.
This osmoregulatory response to a substantial increase in salinity can be great enough
to dominate virtually all other aspects of (glycerol metabolism) the regulation of other
metabolic processes in this alga; e.g., the differential regulation of starch metabolism
in the light and the dark (see chapter 7).

During a salt stress in the light, photosynthesis can not always provide
sufficient carbon for the required rate of glycerol synthesis;'

. istarch becomes the

source of carbon for glycerol synthesis (see chapter 7). Conversely, a reduction in
salinity can stimulate starch biosynthesis from glycerol in the dark and in the light
(Briiggemann et al. 191$). This requires starch breakdown in the light, whereas
normally starch is predominantly synthesized in light and degraded in dark, this is not
always true because Stitt and Heldt (1981 a) have shown that synthesis and
degradation of starch can occur simultaneously. However, Preiss (1982) suggested
that in the light, starch degradation is suppressed due to low stromal Pj and high P G A
concentration.

The work presented in this chapter was aimed to elucidate the effect of salt
stress on the regulation of starch and glycerol metabolism in the light and the dark.
This chapter reports salt stress-induced changes in the relative contribution of:

[1] Phosphorolysis and hydrolysis to starch degradation.

[2] Properties, and capacities of enzymes involved in the conversion of starch to
glycerol and number of factors affecting the activities of those enzymes.

Most of the work described in this chapter was done in collaboration with
Prof. Hartmut Gimmler.
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8.2

: Methods :

All the experimental cultures of D. tertiolecta were grown at 27 ± 2°C in
0.17 M NaCl. The details of methods used in this study are described in chapter 2.

8.3 : Results :
8.3.1. :

Phosphorolysis of Starch :

In normal assay conditions, the starch phosphorylase activity was about 7
u m o l . gfucose-1-P . m g " 1 Chi. h"1, with a p H optimum slightly below p H 7.0 (this
is close to the measured internal p H in the dark). The enzyme was less active at p H 8.0
(this is close to the stromal p H in the light) Figure 8.1. The p H profile of
phosphorylase in Dunaliella

was quite different from that of

Chlamydomonas

reinhardtii phosphorylase (Levi and Gibbs 1984), but resembles that of higher plants.
The phosphorylase activity increased with increasing phosphate
concentration in the reaction mixture, and for saturation more than 50 m M phosphate is
required (Figure 8.2). This is in the range of intracellular concentration of phosphate
measured in Dunaliella (40 - 80 m M ) , (Table 8.8). Therefore it is likely that in intact
cells, phosphorylase activity m a y be controlled by the internal phosphate levels. The
enzyme activity was also stimulated by NaCl concentrations above 25 m M to up to 200
m M and remained relatively resistant to NaCl at higher concentrations (Figures 8.2 and
8.3). NaCl, K C 1 , and LiCl exhibited identical effects (Figure 8.4). W h e n different
et/j

monovalent sodium salt (anions) were applied bicarbonate was almostjeffective as
chloride, but in increasing order, bromide, acetate, iodide, and nitrate were less
effective than chloride (Figure 8.4).

The combined effects of phosphate, chloride, glycerol, and pH on the
phosphorylase activity of D. tertiolecta extracts are shown in Table 8.1. This table
summarizes the results of an experiment in which inorganic phosphate, chloride, and
glycerol concentrations in the reaction mixture were varied within the limits that are
possible in Dunaliella. The phosphorylase exhibits its highest activity under "dark
conditions", whereas in the "light conditions" the enzyme was completely inhibited.

Figure 8.1 : Phosphorylase activity of D. tertiolecta extracts as a
function of p H .

Figure 8.2 : Phosphorylase activity of D. tertiolecta extracts as a
function of phosphate concentration in the absence (triangles) and
presence of 54 m M NaCl (circles).
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8.3.2

: Hydrolysis of Starch :

The amylolytic activity was measured either by the disappearance of starch
or by measuring the products of starch degradation. Both methods have given
essentially the same results. Starch from potato, corn, Dunaliella, and purified
amylopectin from two sources were tested for suitability as a substrate (Table 8.2).
The starch-iodine complex spectra of these substrates (in the range of 400-700 nm)
revealed that potato starch was close in composition with Dunaliella starch (Figure 8.5
); both substrates show less absorption in the amylose-region (560 nm). Dunaliella
starch and potato starch consists an unusually high percentage of amylopectin (610
n m ) (Eddy et al.1958). Because of difficulty in obtaining sufficient quantities of
Dunaliella starch, potato starch was used as a substrate for the study of amylolytic
starch breakdown by Dunaliella extracts.
The amylase activity of D. tertiolecta had two pH optima, one at
approximately p H 7.0 and other at p H 8.0, in all buffer systems used. The enzyme
activity was substantially higher in phosphate buffer relative to other buffer systems
used (Figures 8.6 and 8.7 ). The amylolytic activity was sharply increased by D T T at
concentrations upto 10 m M (Figure 8.8 ); but the enzyme activity was unaffected by
NaCl concentration upto 600 m M or more (Figure 8.3 ). Generally the amylolytic
activity was not affected by di- or tri- saccharides, the products of amylolytic
degradation of starch, except the addition of raffinose inhibited the enzyme activity by
about 2 5 % (Table 8.3). At the physiological concentrations, the endogenous
metabolites P G A , glycerol-3-P, and ATP, all slightly stimulated the amylase activity
(Table 8.4).
The maltase activity in the extracts of D. tertiolecta showed a pH optima
about 6.8, which reduced to a very low level at p H 8.0 (Figure 8.9). It is interesting
to note that maltase activity was progressively stimulated by increasing NaCl
concentration (up to 1 M or more) in the reaction mixture (Figure 8.3 ).

Figure 8.6 : Amylolytic activity of D. tertiolecta extracts as a function
of pH. The reaction was measured in phosphate buffer in the absence
(triangles) or the presence of 50 m M D T T (circles). The enzyme was
assayed by estimating the generation of reducing sugars.
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Table 8.1

: The combined effects of phosphate, chloride, glycerol and p H on

phosphorylase activity of D. tertiolecta extracts. For this experiment the cells were
grown in 0.17 M NaCl andfractionatedunder standard conditions (see methods). The
composition of the assay mixture was adjusted to give a final solute concntration as
shown in columns 2-4. Chloride was added as NaCl. Control (Activity at experimental
condition number 1 )= 1 0 0 % .

Exp.

[Solutes] m M

pH

Cond.

Pi CI' Glycerol

Simulated

Phosphorylase

condition

Activity

No.

Interpretation

Control = 1 0 0 %

1

50

90

50

7.0

Stroma p H in the dark

100

Full activity in the dark,

2

50

90

50

8.0

Stroma p H in the light

0

but complete inhibition in
the light

3
4

25
50

60
90

25
50

7.0
7.0

Transition from condition 46

Salt stress stimulates

3 to 4 and 5 or from 4 to 5 100

phosphorylase in the dark,

5

100

160

100

7.0

reflect a salt stress in the 85

whereas dilution stress

dark, transition from 5 to 4

inhibits.

and 3 or from 4 to 3 a dilution
stress. p H is constant

6

50

90

50

8.0

Salt stress (6 to 8) or

0

In light the increasing

7

100

90

100

8.0

dilution stress (8 to 6)

29

phosphate concentrations

8

100

160

100

8.0

in the light.

0

which occur after salt stress

**

p H is constant

do

not activate the

phosphorylase because of
the unfavourable p H and
CI" concentration.

* F r o m Goyal et al. (1986) J. Plant Physiol (in press )
** T h e salt induced p H change of 0.2 p H units [ compare Table 8 ] w a s not considered
in this particular experiment
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Table 8.2 : Effect of different substrates on amylase activity of D.
tertiolecta. The values obtained with the soluble potato starch are
considered as Control = 1 0 0 %
SUBSTRATE SOURCE SUBSTRATE CONCENTRATION ( mg.mr1)
2
5

1

Soluble Starch (Potato)
Amylopectin (Corn)

100
8

100
15

100
41

Amylopectin (Potato)

107

101

92

Dextrin
Dunaliella Starch

26

56

80

39

50

56
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8.3.3. : Phosphofructokinase ( P F K ) :
Depending upon the buffer system used, the pH optimum of the PFK in the
extracts of D. tertiolecta was between p H 7.8 and 8.0 (Figure 8.10 ). Kombrink and
Wober (1982) observed a slightly lower p H optimum for the P F K of D. marina. In
vitro , the P F K activity was significantly inhibited by NaCl (Figure 8.3). The enzyme
activity was more sensitive to NaCl inhibition than the other principal enzymes
involved in starch degradation (Figure 8.3). B y increasing the concentration of the two
main substrates (fructose-6-P and A T P ) , the degree of inhibition by NaCl was
modified (Figure 8.11, Tables 8.5 and 8.6). In addition, the enzyme activity was
inhibited by various endogenous metabolites P G A , glycerol-3-P, and Pj (Table 8.6).
The thiol reagent D T T exhibited only a little inhibition (Figure 8.8 ).
8.3.4 : Two Selected Enzymes of the Oxidative Pentose Phosphate
Pathway :
The two dehydrogenase enzymes of the oxidative pentose phosphate
pathway, glucose-6-P D H and 6-phosphogluconate D H , showed p H optima close to
p H 8.0 (Figure 8.12). The glucose-6-P D H activity was strongly suppressed by the
strong inhibitiory action of the thiol reagent D T T , whereas 6-phosphogluconate D H
activity was not affected by D T T (Figure 8.8). The activities of both enzymes were
progressively inhibited by increasing NaCl concentrations, with a half-maximal
inhibition of activity at about 400 m M NaCl (Figure 8.15).
8.3.5. : Enzymes of Glycerol Synthesis :
The two enzymes of the glycerol synthesis pathway namely, glycerol-3-P
D H (DHAP-reduction) and glycerol-3-P phosphatase, showed p H optima in the
vicinity of p H 6.8-7.0, and surprisingly exhibited low activity at p H 8.0 (Figures
8.13 and 8.14 ). The glycerol-3-P D H activity was stimulated by NaCl (upto 200
m M ) , but inhibited at higher concentrations, with a half maximal inhibition of activity
at about 550 m M NaCl. Glycerol-3-P D H was inhibited by phosphate (Marengo et al.
1985) but, nevertheless, in the present study maximal activity in phosphate buffer (120
m M ) was about 4 0 % of that in M E S buffer and only marginally less than that in
H E P E S buffer because higher concentrations of D H A P and N A D H were used in the
assay. O n the other hand, however, glycerol-3-P phosphatase activity was extremely
sensitive to NaCl (Figure 8.15 ). W h e n D. tertiolecta cells were extracted after the

Figure 8.10 : T h e effect of p H and buffer composition on P F K activity
of D. tertiolecta extracts.
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onset of a salt stress in vitro, the glycerol-3-P phosphatase activity increased (40%
over control) over the period of 30 min (Table 8.7 ).

Table 8.3 : Effect of disaccharides and trisaccharides on the amylase

activity. Control = 100% ( enzyme activity without the addition of di- or trisaccharides
in the reaction mixture).
Disaccharide /

Amylase Activity

Trisaccharide

Control = 1 0 0 %
Concentration in Assay [ m M ]
5

25

50

100

Maltose

97

107

110

120

Sucrose

101

106

105

104

Lactose

104

101

-

Raffinose

97

100
74

79

-

Trehalose

110

107

102

102
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Table 8.4 : Influence of different effectors on the amylase activity.
Control: enzyme activity without the addition of effectors in the reaction mixture.
Endogenous

Concentration [ m M ]

Amylase activity

Metabolite

Control = 1 0 0 %

100
ATP

1

117

ATP

3

105

PGA

1

121

PGA

3

113

Glycerol-3-phosphate

1

105

Glycerol-3-phosphate

3

93

ATP + P G A

3+3

89

A T P + P G A + Glycerol-3-phosphate

3+3+3
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Table 8.5 : Effcets of concentrations of NaCl, Fructose-6-phosphate, and
A T P on the phosphofructokinase (PFK) activity of D. tertiolecta extracts
(80 m M H E P E S - N a O H ,

p H 7.6 ).

Substrate Concentrations [mMl
[NaCl] m M

Fr-6-P

ATP

P F K Activity
(% of Maximal rate)

0

1

0.5

100

200

1

0.5

16

200

1

3.0

48

200

3

3.0

67
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Table 8.6 : Influence of different effectors on the phosphofructokinase
[PFK] activity of Dunaliella tertiolecta

extracts ( 80 m M

HEPES-N

pH 7.6 ).
Effectors [ m M ]

PFK Activity [ % of control ]
1 m M Fr-6-P

3 m M Fr-6-P

100

1.5 m M PGA

100
32

3.0 m M PGA

26

100
104

1.5 m M Glycerol-3-phosphate

29

69

3.0 m M Glycerol-3--phosphate

16

53

10 m M phosphate

62

86

50 m M phosphate

27

41

Figure 8.13 : Glycerol-3-P D H activity of D. tertiolecta extracts as a
function of p H .
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8.3.6. : Salt and Light Induced Changes of the Stromal Environment :
The effects of light, dark, and salt stress on the concentrations of some
metabolites and intracellular p H in D. tertiolecta are shown in Table 8.8. The P G A
concentration in the cells varies between 3 and 6 m M , and was higher in the light than
in the dark. T h e salt stress increased the P G A concentration in the cells, but did not
affect the differences between light and dark. In the control suspensions (0.17 M
NaCl) of D. tertiolecta , intracellular Pj concentration was higher in the dark than in the
light. U p o n a salt stress Pj concentration increased about two-fold, and the difference
between dark and light conditions was diminished (Table 8.8). In the control cells the
concentration ratio of P G A / P j was lower in the dark (0.06) than in the light (0.1),
whereas in the salt-stressed cells this ratio was relatively close in both the dark (0.07)
and the light (0.08) conditions (Table 8.8).
The concentration of glycerol-3-P was low relative to other metabolites
tested (Table 8.8), did not change during the light-dark transition but it increased after
a salt stress. This increase in the concentration of glycerol-3-P w a s due to cell
shrinkage, because the absolute values of glycerol-3-P content per unit chlorophyll did
not change.
In dark conditions, D. tertiolecta cells have a intracellular pH of around
7.0, which increased to 7.4 in the light. The salt stress caused an increase of internal
p H by 0.25 p H units (Table 8.8). Table 8.9 summarizes the m a x i m u m extractable
activities of the enzymes involved in the starch degradation and glycerol synthesis.
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Table 8.7 : GlyceroI-3-phosphate phosphatase activity in Dunaliella
tertiolecta cells adapted
0.77 M

at 0.17 M NaCl and exposed to a salt stress of

NaCl final concentration. The cells were extracted

10, 30, and

60 min after the onset of the salt stress.The values are ± S E M of three
separate experiments.

Treatment

Glycerol-3-phosphate phosphatase activity
Pj released [ f i m o L m g " ! Chi. min'*]

Control [ 0.17 M NaCl]
Salt stress [ 0.77 M NaCl ] , after 10 min

12.12 ± 1.59
17.49 ±1.02

Salt stress [ 0.77 M NaCl ] , after 30 min

14.28 ± 0.95

Salt stress [ 0.77 M NaCl ], after 60 min

12.49 ± 1.23

Figure 8.15 : Effects of NaCl on the glucose-6-P D H , glycerol-3-P
D H , 6-phosphogluconate D H and glycerol-3-P phosphatase activities.
For the absolute values of the control rates (see Table 8.9).
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Table 8.8

: Phosphate, P G A and glyceroI-3-phosphate and stromal p H

of Dunaliella tertiolecta

adapted to 0.17 M NaCl in dark (A), and light

(B) and 30 min after transfer to a medium containing 0.77 M NaCl (C
and D). The values are average of two independent experiments.

mM

Metabolite Concentration
A

B

C

D

Control

Salt Shock

( 0.17 M NaCl )

( 0.77 M NaCl )

Metabolites

Dark

Light

Dark

Light

Inorganic Phosphate

46

37

72

70

PGA 2.8

3.7 4.8 5.6

Glycerol-3-phosphate 0.34

0.34 0.52 0.52

pH 7.00

7.40 7.25 7.65

* From Goyal et al. (1986). J. Plant Physiol. (in press).
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Table 8.9 : Table summarizing the m a x i m u m extractable activities of
the enzymes involved in the starch degradation and glycerol synthesis.
Enzyme activities were assayed in algae harvested during the light
period of a growth cycle. Each enzyme was assayed at its optimal p H in
the presence of saturating concentrations of substrates and positive
effectors. Dunaliella tertiolecta was grown at a salinity of 0.17 M NaCl

Enzymes (in vitro )

Maximal Rates

(limoles Glucose Equivalents x mg"^ Chi. x h"*)

Phosphorylase

7

Amylase

42

Maltase

3

Phosphofructokinase

32

Glucose-6-P D H

26

6-Phosphogluconate D H

31

Glycerol-3-P D H

14

GlyceroI-3-P phosphatase

360
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8.4

: Discussion :

8.4.1 : The Enzymes of Starch Degradation :
The Dunaliella enzymes generally have properties similar to corresponding
enzymes from other unicellular algae and higher plants. However, there are a few
exceptions, e.g., the complex p H profile of amylase (Figures 8.6 and 8.7), with two
p H optima, a small peak close to p H 7.0 and a larger peak close to p H 8.0.
Corresponding p H profiles of amylases of higher plants and algae are reported to
exhibit only a single distinct peak, although the p H optima were different with
different plant materials. In algae, p H optima of 7.0 for Chlamydomonas (Levi and
Gibbs 1984), and 6.0 for Chlorella (Wanka et al. 1970) were reported. The
extrachloroplastic amylases of higher plants usually have a p H optimum in the range of
p H 4.8-6.5, whereas chloroplastic amylase exhibits a optimum between p H 6.0-7.5
(Preiss and Levi 1980).
Since Dunaliella's amylase showed different responses to pH, DTT, and
NaCl, it is reasonable to suggest that the two p H optima of the enzyme probably reflect
either the presence of two different amylases or two different forms of amylase. By
using electrophoretic techniques, Kombrink and Wober (1980 b) demonstrated the
exsistence of two different chloroplastic amylolytic activities in D. marina, which they
attributed to a-amylase (sharp band) and f5-amylase (faint band). These authors further
suggested that all amylolytic activity was exclusively located within the chloroplast.
The technique described by these authors for the isolation of intact
chloroplasts is questionable because their "Heavy"fraction(which they claimed intact
chloroplast) contained one-quarter to one half of the total activities of fumarase and
catalase. Therefore, Kombrink and Wober's "Heavy" fraction comprised a
chloroplast-enriched fraction rather than intact chloroplast as claimed by these authors
(Brown et al. 1982). In view of the difficulties in isolating the intact chloroplast, the
possibility of a cytoplasmic amylase can not be completely overlooked. It appears that
one p H optimum belongs to the a-amylase and the other one to the (3-amylase. Higher
rates of amylase activity were observed with phosphate buffer (Figure 8.7). The
higher rates of amylase activity with phosphate buffer could be due to a possible
contribution by phosphorylase activity in the presence of phosphate, which would not
have contributed otherwise in the absence of Pj. Since the amylase activity was not
inhibited by di- or tri-saccharides (Table 8.3), this observation suggests that feed-back
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regulation by the products of starch breakdown is not a major factor in the control of
starch degradation.
T h e p H profile of phosphorylase (Figure 8.1) was entirely different from
that of Chlamydomonas
phosphorylase (Levi and Gibbs 1984), but relatively similar
to that of the enzyme from higher plants and other algae (Preiss and Levi 1980). A s
expected, the enzyme activity was dependent on the phosphate concentration (Figure
8.2). High Pj concentration favours degradation of starch in three ways : (1) by
initiating phosphorolysis, (2) by inactivating ADP-glucose pyrophosphorylase (due to
low P G A / P j ratio), and (3) by accelerating triose phosphate export from the
chloroplast (Preiss 1982). Edwards and Walker (1983, quoting Kraminer's
unpublished results) suggested that in the illuminated chloroplast, increase in the Pj
concentration switches the starch synthesis to starch degradation. U p o n a salt stress in
Dunaliella, in both light and dark conditions, intracellular Pj concentration increased
about two-fold (Table 8.8). This increase in Pj concentration would stimulate the
phosphorolysis of starch, and starch synthesis would be switched to starch
degradation in the light.
The results also suggest that, within a limited range, phosphorylase activity
can also be stimulated by N a C l concentration of a magnitude that occurs when
Dunaliella

is subjected to a salt stress (Figure 8.3). In any case, the enzyme is

sufficiently salt resistant, that the measured or likely intracellular levels of NaCl will
have little affect on the activity in vivo. The phosphorylase activity was also resistant
to high concentrations of glycerol; however, in some cases the enzyme activity was
even stimulated (results not shown).

In the leaves of higher plants p-amylase is usually a cytoplasmic enzyme,
and attacks only the non-reducing ends of chains, splitting off pairs of glucosyl units
as maltose. In most algae, only low levels of maltose, if at all, are found. This could
indicate that maltose is immediately splitted into glucose molecules by an active
maltase; the fate of maltose is uncertain, and it seems unlikely that it can be directly
exported from the chloroplast (Edwards and Walker 1983). If one assumes that the
small peak of amylase at p H 7.0 represents {3-amylase activity, then the action of the
enzyme on starch would produce little maltose. It is questionable whether or not the
observed activity of maltase would be sufficient to hydrolyse a significant amount of
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maltose to glucose, which could than be phosphorylated. Conversely, degradation of
maltose by maltose phosphorylase to glucose and glucose- 1-P is possible, but this is
not proven experimentally.
Since the m a x i m u m extractable activity of maltase was very low among the
investigated enzymes (Figure 8.9), it appears that ^-amylase and maltase play a minor
role in the degradation of starch during steady-state conditions. A s the maltase activity
was stimulated by NaCl (Figure 8.3), it is possible that this enzyme m a y have some
role in starch degradation during salt stress conditions.

If it is assumed that the large peak of amylase at about pH 8.0 represent
alpha-amylase, the enzyme would attack a (1~M) linkage of amylose and a (1~>6)
linkage of amylopectin of the starch granules in the pyrenoid, and thereby would
provide substrate for glucan-phosphorylase. The products of a-amylase action can be
utilized by phosphorylase as substrates. The final product, glucose-1-P would then
be converted to glucose-6-P, which would serve as a substrate for the oxidative
pentose phosphate pathway and / or glycolysis, each of which can generate D H A P , a
precursor of glycerol synthesis.

Depending upon the salinity of the medium, cells of Dunaliella contain
between 70-300 m M N a + and 330 m M CI' (Ehrenfeld and Cousin 1984). The salt
stress would cause a very large transient increase of internal NaCl levels (Gimmler et
al. 1977; Gimmler and Schirling 1978), followed by a decline to a n e w steady-state
concentration between the initial and the maximal transient concentrations of NaCl.
The results of Figures 8.3 and 8.15 suggest that an increased internal concentration of
CI" would stimulate both phosphorolytic and hydrolytic degradation of starch and to a
lesser extent also the glycerol-3-P D H , and would inhibit phosphofructokinase
activity. Thus the results indicate that, in Dunaliella as in higher plants (cf. Steup et al.
1983), starch is degraded both hydrolytically (by amylase) and phosphorolytically (by
phosphorylase). Since the P F K activity was inhibited by NaCl and stimulators of
starch degradation enzymes, it is more likely that glucose-6-P would be converted to
D H A P via the oxidative pentose phosphate pathway.

Phosphofructokinase (PFK) plays a key role in the regulation of chloroplast
starch metabolism during a light-dark transition (Kombrink and W o b e r 1982). The
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results of Kombrink and W o b e r (1982) on D. marina and of Kelly et al. (1985) on
Chlorella pyrenoidosa, suggest that unicellular green algae contain only a chloroplastic
P F K , with allosteric regulatory properties, and the enzyme is capable of regulating the
glycolysis in the chloroplast. Quantitatively the activities of P F K , glucose-6-P D H and
6-phosphogluconate D H are approximately the same (Figures 8.10, 8.12) and clearly
exceed in vivo rates of starch degradation (see chapter 7). Since these three enzymes
are likely to be the rate-limiting enzymes, and have appreciable activities, all the
products of starch degradation in the dark could be channelled through either the
oxidative pentose phosphate pathway or through glycolysis or a combination of both.
Although enough enzymic activities for both pathways are present in the extracts of D.
tertiolecta, the information pertaining to the relative contribution of these two pathways
in Dunaliella is lacking.

It is believed that Pj stimulates PFK activity (Bloxham and Lardy 1973;
Turner and Turner 1975), but Pj (phosphate buffer and added Pj) inhibited the P F K
activity in D. tertiolecta (Figure 8.10, Table 8.6). A similar inhibition of P F K
activity by Pj w a s observed in Chlorella pyrenoidosa (Kelly et al. 1985) and in
spinach chloroplast (Kelly and Latzko 1977 a ). Kombrink and W o b e r (1982) also
observed comparable effects of Pj on P F K activity of D. marina .

To the question of whether the products of starch degradation are channelled
through glycolysis or the oxidative pentose phosphate pathway, the understanding and
analysis of the regulatory properties of PFK Is Important. After a salt stress, the
Increased Intracellular concentration of inorganic phosphate, and glycerol-3-P may
cause some Inhibition of PFK activity (see Table 8.6). Even allowing for the Inhibition
of PFK activity caused by inorganic phosphate, and glycerol-3-P, products of starch
breakdown can still flow through glycolytic pathway to DHAP. On the other hand, the
oxidative pentose phosphate pathway would be stimulated by these conditions, or at
least, would be less inhibited by salt stress than PFK-, because PFK Is more sensitive to
CI" than glucose-6-P DH (Figures 8.3, 8.15). Quantitatively the activities of PFK,
glucose-6-P DH and 6-phosphogluconate DH are approximately the same and clearly
exceeds in vivo rates of starch degradation (see chapter 7). Thus it is very likely that
during salt stress, products of starch degradation would channel through both, glycolytic
pathway and oxidative pentose phosphate pathway. The channelling of the products of
starch breakdown via glycolytic pathway and oxidative pentose phosphate pathway
would also ensure constant supply of DHAP and reduced pyridine nucleotides for glycerol
synthesis.
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8.4.2. : E n z y m e s of Glycerol Synthesis :
After a salt stress in the light, increased Pj and CI" concentration and the
alkalization of the stroma would create less favourable conditions for this enzyme than
in the steady state. O n the other hand, during the salt stress, increased rates of starch
degradation would enhance the production of D H A P . Marengo et al. (1985) reported a
competitive inhibition of glycerol-3-P D H by Pj, but the results of this study show
that by increasing the substrate concentration within the physiological range to 1.2 m M
D H A P , 0.1 m M

N A D H , Pj inhibition could be supressed. In this study the

glycerol-3-P D H activity was even assayed in the presence of 120-150 m M phosphate
buffer (Figure 8.13). The increased levels of D H A P might help the cell to over-ride
the inhibition caused by Pj and CI" or even stimulate reduction of D H A P by
glycerol-3-P D H , leading to glycerol synthesis .

The final step in glycerol synthesis is the conversion of glycerol-3-P to
glycerol by the glycerol-3-P phosphatase. It is unclear whether this enzyme is localized
exclusively in the chloroplast or cytoplasm or occurs in both compartments (Brown et
al. 1982; Gimmler and Lotter 1982 b). If the enzyme is located in the chloroplast, the
enzyme activity upon a salt stress would be inhibited due to alkalization of the stroma
in the light. A sharp p H optimum at p H 7.0 was exhibited by this enzyme (Figure
7.14). A p H optima at p H 7.0 would be more favourable if it were located in the
cytosol rather than it were located in the chloroplast. The enzyme activity increased
under salt stress (Table 8.7), which would be consistent with the cytoplasmic location.
Because of increase in glycerol-3-P concentration during salt stress, a higher
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glycerol-3-P phosphatase activity would be expected. This increase in the enzyme
activity would thus favour the hydrolysis of glycerol-3-P, and increased glycerol
synthesis.

8.4.3. : Salt-induced Alkalization :
Salt stress increased the internal pH of the cells. The reason for the increase
is not well understood, but the possible mechanisms which could account for it have
been discussed in chapter 5.
8.4.4 : Summary :
The pH profiles of various enzymes investigated in this study suggest that a
salt-induced alkalization of the stroma would favour amylolytic starch degradation, and
the activities of the enzymes of oxidative pentose phosphate pathway in the intact cells,
whereas phosphorylase, maltase, and the enzymes of the glycerol synthesis would be
inhibited. T h e inhibitory effects of p H on the later enzymes would be over-ridden by
the other regulatory effectors and conditions.
Cells of D. tertiolecta contain enough maximal extractable enzyme capacities
to support the required rate of starch breakdown amylolytically or phosphorolytically
(Figures 8.16 and 8.17). The Dunaliella also has sufficient extractable enzyme
activities to utilize the products of starch degradation through the oxidative pentose
phosphate pathway to yield D H A P , and to generate the reducing power required for
the reduction of D H A P to glycerol-3-P and finally to the glycerol.

Figure 8.16 : The maximal observed rates of the enzyme activities
under standard conditions and maximal rates of enzyme activities
observed at p H 7.0 (close to internal p H in dark) and p H 8.0 ( close to
internal p H in light).
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Figure 8.17 : The maximal observed rates of the enzyme activities
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observed at p H 7.0 ( close to internal p H in dark) and p H 8.0 ( close to
internal p H in light).
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GENERAL CONCLUSIONS

GENERAL CONCLUSIONS

General Physiology :

The growth characteristics of D. tertiolecta showed that the parent strain is
relatively insensitive to salt. Mutant H L 25/8 which grew in 0.17 M N a C l at about
half the rate of the parent strain w a s quite sensitive to salt. T h e optimum growth
temperature of the parent strain increased with salinity but did not do so in the
mutant. T h e mutant contains less chlorophyll, protein, and glycerol per cell (see
chapter 3).
In the parent strain photosynthesis (C-fixation and photosynthetic oxygen
evolution) increased with salinity but gradually decreased in the mutant. The mutant
had about half the photosynthetic activity of the parent strain. The mutant had lower
carbonic anhydrase activity than the parent strain.The results of the temperature
profile of C A suggest that the salt-sensitivity of the mutant m a y not be a reflection
of a point mutation. T h e results suggest that the diminished salt tolerance or
salt-sensitivity of the mutant is largely, if not wholly, a result of lowered C A
activity, with consequent affects on carbon transport and assimilation. L 0 W - C O 2
grown cells of Dunaliella contain most C A activity on the cell surface and some
activity inside the cells suggesting that the actual species of carbon which crosses the
cell membrane is free C 0

2

rather than H C 0 3 A

In the parent strain C A activity was

enhanced at higher salinities and the alga had higher rates of photosynthesis. This
observation is consistent with the suggestions of Spalding and Ogren (1982), and
Spalding et al. (1983), that photosynthesis is required for the induction of C A
activity in the

Chlamydomonas.

Labelling patterns of metabolites indicative of photorespiratory activity
suggest that the mutant has high photorespiratory activity.

This high

photorespiratory activity might be related to reduced carbon transport from the
m e d i u m to inside the cells resulting low intracellular Cj concentration in the mutant.
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On The Mechanism of Glycerol Metabolism :

The glycerol content of Dunaliella , seems to be controlled at the site of
synthesis as well as at that of dissimilation, leading to a regulation of osmotic
balance

The experimental results have shown, contrary to the prevailing
assumptions, that the glycerol pool in Dunaliella has a turnover rate that is low in
comparison to the Benson-Calvin cycle. Therefore, the glycerol synthesis pathway
should be activated upon a salt stress to enhance the flow of carbon into the glycerol
pool (see chapter 6 and 7). A s expected during salt stress, the glycerol synthesis
pathway is stimulated and the dissimilation pathway is suppressed resulting in a net
increase in the intracellular pool of glycerol. Conversely, during dilution stress, the
glycerol dissimilation pathway is greatly stimulated and the glycerol synthesis
pathway is suppressed causing a net decrease in the intracellular pool of glycerol
(see chapter 7).

The results of the present study also indicate that at all salt stresses in the
light, both starch breakdown and photosynthesis contribute to glycerol synthesis.
The relative contribution of these two processes to glycerol synthesis depends on the
magnitude of the salt stress. W h e n photosynthesis is completely inhibited, all
carbon for glycerol synthesis is contributed by the products of starch breakdown
(see chapter 7).

The possible mechanisms by which changes in the osmotic value of the
surrounding environment or m e d i u m are sensed and converted to information
capable of regulating these biochemical reactions are unclear. There is some indirect
evidence, however, e.g., change in the intracellular p H , and change in the
intracellular concentrations of metabolites (e.g., pyridine nucleotides).

As mentioned above , there may be two possible sources of indirect signals
for the control over the glycerol synthesis and dissimilation reactions.
(1)

If the p H of the cytoplasm is altered one reaction will be favoured and the
stetvdy-state concentration will change. This type of mechanism of metabolic
control has been suggested for other metabolic processes by Davies (1973).

156
The p H profiles of various enzymes investigated in this study suggest that a
salt-induced alkalization of the stroma would favour amylolytic starch
degradation and the activities of the enzymes of the oxidative pentose
phosphate pathway

in the intact cells (see chapter 8). Unfortunately,

transient changes in the intracellular p H could not be measured by the D M O
technique but the observed salt-induced alkalization of the intracellular p H
(see chapter 5) might have some significance in the regulation of the
intracellular glycerol levels.

(2) If the redox potential of the pyridine nucleotides, and hence
N A D P H / N A D P " 1 " quotient changes one of the reactions will be favoured and
the steady-state concentration of glycerol will change. This mechanism of
control of metabolic reactions was proposed by Krebs (1973), is
widespread in metabolic pathways involving dehydrogenase reactions,
and is mentioned as a possible control of polyol dehydrogenase by Lewis
and Smith (1976). The source of reducing equivalents has extensive
implications both for the overall metabolism of Dunaliella and for the
osmoregulatory mechanism. A transient increase in the levels of N A D P
and quotients of N A D P H / N A D P " 1 " is observed during salt stress (see
appendix A ) . Since the glycerol-3-P dehydrogense reaction can use both
N A D H and N A D P H as substrates, it appears that changes in the
NADPH/NADP

+

quotient m a y have some significance for the

regulation of glycerol metabolism.
Furthermore, because glycolysis was shown to be incapable of supplying
sufficient reducing equivalents quickly enough for the observed rapid synthesis of
glycerol during a salt stress, the operation of the oxidative pentose phosphate
pathway during salt stress is suggested. The oxidative pentose phosphate pathway
will ensure the constant supply of reducing power for the reduction of D H A P to
glycerol-3-^, in return, the use of N A D P H by the glycerol-3-P dehydrogenase
reaction will also ensure the continous operation of the oxidative pentose phosphate
pathway.
The results of this thesis allow the speculation that the regulation of glycerol
metabolism involves an activation or inhibition of enzymic reactions of glycerol
metabolism, oxidative pentose phosphate patway and other associated pathways
either by an allosteric mechanism or by enzymic modifications.
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Based on the enzymic activities of Dunaliella and the results of previous
studies, the possible pathways for the synthesis and dissimilation of glycerol during
salt and dilution stress are proposed (Figures C-l and C-2). The proposed metabolic
pathway for glycerol synthesis is shown in Figure C-l. In the dark, the synthesis of
glycerol occurs from the products of starch breakdown; in the light , however,
carbon for glycerol synthesis is contributed by both the photosynthesis and the
products of starch breakdown. After a dilution stress, glycerol is converted to starch
via a light-independent pathway (Figure C-2).

It remains to be determined whether the degree of change in cytoplasmic pH
or redox potential caused by changes in salinity of the environment or m e d i u m are
indeed sufficient to affect the balance of the glycerol synthesis and dissimilation
reactions. T o elucidate the nature of the signal(s), and metabolic site(s) of the control
of glycerol metabolism on salt and dilution stress, further investigations should be
addressed along the following lines :
(1) The mechanism of glycerol retention against a high concentration gradient.
(2)

The extent of interconversion of N A D to N A D P , and their precise role in the
regulation of pyridine nucleotide pathway cycle.

(3)

The extent of aggregation and disaggregation of glycerol-3-P dehydrogense
enzyme structure with changing salinity and the levels of N A D and N A D P .

(4)

The measurement of transient p H changes upon a change in salinity.

(5)

Changes in the concentrations of metabolites which accumulate immediately
after a change in the salinity.

Figure C I : Possible pathway for the synthesis of glycerol during a salt
stress in Dunaliella.
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Figure C 2 : Possible pathway for the dissimilation of glycerol during a
dilution stress in Dunaliella.
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APPENDIX-A

THE EFFECT OF SALT AND DILUTION STRESS ON THE
INTRACELLULAR LEVELS OF PYRIDINE NUCLEOTIDES
He

IN Dunaliella tertiolecta

* A Supplementary study undertaken outside the period of Ph.D.
candidature.

THE EFFECT OF SALT AND DILUTION STRESS ON
THE INTRACELLULAR LEVELS OF PYRIDINE NUCLEOTIDES
IN Dunaliella tertiolecta
A.l : Introduction :
Nicotinamide adenine dinucleotide (NAD) and NAD-phosphate (NADP)
function in numerous anabolic and catabolic reactions, and are widely distributed
throughout biological systems (Krebs 1973). N A D and N A D P are known to
participate in over 300 enzymically catalyzed oxidation-reduction reactions (Foster and
Moat 1980). Reduced pyridine nucleotide coenzymes also play an important role in the
regulation of amphibolic pathways, such as the citric acid cycle and the oxidative
pentose phosphate pathway (Sanwal 1970).
NAD is a cofactor in catabolic energy-yielding oxidations, whereas NADP
serves as the source of biosynthetic reducing power. Since N A D also serves as a
substrate in cellular metabolism, it is likely that the synthesis and breakdown of N A D
and N A D P are carefully regulated (Imsande 1961,1964; Imsande and Handler 1961;
Imsande and Pardee 1962; Krebs and Veech 1969). N A D P is deri ved from N A D by
an ATP-dependent phosphorylation catalyzed by NAD-kinase. The reaction proceeds
as follows (Foster and Moat 1980):
NAD+ + ATP NAD-kinase ^ NADP+ + ADP

The pyridine nucleotides are found in two forms, free and bound forms,
and both forms are essential reactants in dehydrogenase systems (Krebs and Veech
1969; Krebs 1973). The concentrations of only free pyridine nucleotides together with
those of substrates and dehydrogenated substrate determine the thermodynamic
characteristics of the system (Krebs and Veech 1969; Krebs 1973).
Cell functions depend on the redox state of the pyridine nucleotide pools,
NAD"1", NADP"1", N A D H , and N A D P H . The redox state is measured by quotient of
reduced / oxidised forms;
Concentration of free NADH / Concentration of free NAD+ (for NAD)
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Concentration of free N A D P H / Concentration of free NADP" 1 "

(for N A D P )

The "free" in this term excludes protein-bound nucleotides (Krebs 1973).

The redox state influences the direction of reversible reactions. In NADP,
the reducing agent is N A D P H and the effectiveness of this agent depends on the value
of the [ N A D P H ] / [ N A D P ] + quotient. The value of the quotient determines the
magnitude of free energy change of the oxido-reduction (Krebs 1973). In the case of
Dunaliella this applies, for example, to the two rriose(P) dehydrogenases of glycerol
metabolism, glycerol-3-P D H and glycerol D H ; and to triose phosphate D H reaction
which in glycolysis and gluconeogenesis operates in opposite directions in the same
compartment and catalyzed by the same enzyme.
The change in the levels of free pyridine nucleotides, and redox state of
N A D and N A D P would influence the preferred direction of the two dehydrogenases.
A n y change in the redox state would shift the equilibrium and one of the reaction
would be favoured. Therefore, it is important to elucidate the effects of salt and
dilution stress on the levels of pyridine nucleotides, redox state of N A D and N A D P ,
and as a substrate, their possible involvement in the regulation of glycerol metabolism
during an osmotic stress condition.
Note : The work described in this appendix was done during a short-term
appointment in an A R G S grant to Prof. A.D.Brown and R.McC.Lilley (Project D 282
15797). The experimental techniques were standardized during the tenure of the
author's Ph.D. program, but the actual results were obtained when the author was
working as a Professional Officer in this project. S o m e of the results reported in this
chapter were presented at 7th international photosynthesis congress, B r o w n
University, U.S.A.
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A.2 : Methods :
A.2.1 :

Extraction and Assay for Nicotinamide Adenine Dinucleotides

(Pyridine Nucleotides).
A.2.1.1 :

Experimental Conditions, Application of Osmotic Stress and

Sampling Procedure :

For each experiment, the algal suspension was placed in a glass cylinder
( 2 8 m m diameter) and stirred continually with a magnetic stirrer. The glass cylinder
containing the suspension was held in a constant temperature water bath (27 ± 2° C )
and illuminated from both sides (photosynthetic photon flux fluence rate 1500 U.E.
m" 2 . s"1), when appropriate, by slide projectors with quartz-iodine lamps (150 w ) .
The suspension was preincubated for 15 min under these conditions before the start of
the experiment.
Osmotic stress was administered by adding the appropriate amounts of
either 4 M NaCl (salt stress) or water (dilution stress) to the rapidly stirred suspension
(containing about 100 u.g equivalent of chlorophyll per m l cell suspension). For salt
stress experiments, cultures were grown at 0.17 M NaCl concentration and stressed to
a final NaCl concentration of 0.7 M and 1.0 M NaCl. For dilution stress experiments
cultures were grown at 0.7 M NaCl concentration and stressed to a final NaCl
concentration of 0.17 M NaCl. Several samples were taken before osmotic stress was
imposed, and at each subsequent sampling time, three samples were taken in rapid
succession. Sampling and metabolic quenching of cell suspensions was achieved by
withdrawing 1ml cell suspension sample with an air-displacement pipette and ejecting
it rapidly into a small glass test-tube containing the quenching agent, in such a way that
the appropriate illumination or dark conditions were maintained until after mixing of
the quenching agent with the suspension.
A.2.1.2 : Extraction of Nicotinamide Adenine Dinucleotides (Pyridine
Nucleotides).
NADH and NADPH were specifically extracted in the supernatant obtained
after the alkaline treatment, while N A D
treatment

+

and NADP" 1 " were extracted after the acid
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The quenching agents used were 1 ml 0.2 M HC1 (preheated to 75°C) for
oxidised nicotinamide adenine dinucleotides (pyridine nucleotides) and 1 ml 0.2 M
N a O H (preheated to 75°C) for reduced pyridine Nucleotides. The final concentration
of N a O H and HC1 in the extract was 0.1 M . Immediately after the quenching, the
pyridine nucleotides extracts were placed in a water bath (75°C) for 12 min, then
cooled on ice and centrifuged before neutralisation with N a O H or HC1 as appropriate
to give a final p H of 6.0 (oxidised) or 9.0 (reduced) . All extracts were stored at
-85°C.
A.2.1.3 : Cycling Assay for Pyridine Nucleotides :
Pyridine nucleotides were estimated by the cycling assay method of
Matsumura and Miyachi (1980)
NAD(H) :
NAD+

Ethanol

Acetaldehyde

j

NADH

PES(Red)

PES

(Oxi)

MTT(0xi)

MTT

(Red)

ADH

NADP(H) :
Glu-6-P

NAD+

6-P Gluconate

NADH

Glu-6-P D H

PES

(Red)

PES (Oxi)

MTT (Oxi)

MTT(Red)
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The reaction mixture contained in a final volume of 1 ml:
Bicine-NaOH Buffer (pH 8.0) 100 mM
EDTA.Na2

4mM

PES (Phenazine ethosulphate)
MTT

1.66 m M
0.42 m M

Ethanol (for NAD[HJ)

or

0.5 M

Glucose-6-phosphate (for NADP[HJ)

5m M

Acid or alkaline pyridine nucleotide extract
Alcohol dehydrogenase (forNAP[H]) or

75-200 ul
10 Units

Glucose-6-P D H (for NADP[H])

0.8 Unit

Appropriate volumes of the acid or alkaline extracts were incubated with th
reaction mixture for 5 min at 37°C. The reaction was started by adding alcohol
dehydrogenase for N A D ( H ) or Glucose-6-P D H for NADP(H). The rate of reduction
of dye was followed at 570 n m in a light path of 1 cm. With each extract one blank
measurement was always carried out. This was done by adding an equal volume of
Bicine-NaOH buffer (pH 8.0) instead of enzyme. The results were corrected for
appropriate blanks.
The concentration of pyridine nucleotides in each extract was determined
from the standard curve, which was determined by the cycling method and known
amounts of pyridine nucleotides. The recovery experiments were also performed by
adding known amounts of pyridine nucleotides, and taken through the procedure of
extraction. The following percentages of recovery were obtained.

PERCENTAGE RECOVERY
NAD+

NADH

NADP+

NADPH

Light (n=3)
101.25 ±0.57

97.29±2.45

102.69±2.05

95.59±1.06

Dark (n=3)
100.42+0.60

97.27±0.84

102.58±3.22

99.42±2.02

97.28±1.65

102.62±2.42

97.50±2.54

M e a n (n=6)
100.83 ±0.69
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A.3

: Results

and Discussion :

When Dunaliella was subjected to a salt stress from 0.17 M NaCl to 0.7
M NaCl under light and dark conditions, the N A D + level decreased over first 5-10
min, and then partially recovered after 30 min (Table 1A). The level of reduced
coenzyme N A D H was considerably lower, increased slightly. In contrast, the N A D P +
level increased in the first 10 min in the light then started to recover, and remained
higher than the control after 30 min; however in the dark N A D P + level continuied to
increase (by 2 fold) until 30 min (Table 2A).
When Dunaliella was subjected to a dilution stress (after growing in 0.7 M
NaCl, and exposure to a dilution stress of 0.17 M NaCl final concentration) in the
light, initially the N A D

+

level increased slightly and then started to decrease 10 min

after the onset of the stress; however, the level of N A D + was unaffected in the dark
(Table IB). The level of N A D H was slightly increased in the light but was unaffected
in the dark (Table IB). The m a x i m u m increase in the total N A D (9 umol mg'^Chl)
was observed after 5 min in the light, which decreased (10 pmol mg'^Chl from the
control) after 30 min of the dilution stress.
In the light, a sharp increase in the level of NADPH was observed during
the first 10 min of the salt stress, which started to decrease progressively with time.
After 30 min the level of N A D P H was 4 0 % higher than the control (Table 2A). In the
dark, also the N A D P H level increased progressively with time, and after 30 min was
about twice the control (Table 2A). In both the light and the dark conditions, after 5
min of salt stress, the level of total N A D decreased to about 7 4 % of control (100%)
(Table 1A), whereas the level of total N A D P increased to about 1 8 0 % of the control
(100%), (Table 2A).
During the dilution stress, the level of NADP" 1 " intially decreased rapidly in
the light, which recovered quickly within 5-10 min, while it increased progressively in
the dark (Table 2B). In contrast, the N A D P H level increased in both light and dark
conditions (Table 2B). The initial rapid fall in the N A D P + level might be related to the
stimulation of the glycerol dissimilation pathway, i.e. glycerol dehydrogenase, the first
reaction of glycerol dissimilation pathway.
The levels of total reduced pyridine nucleotides ( N A D H + N A D P H ) were
much lower than those of the oxidised forms ( N A D + + NADP" 1 ") ( see Tables 1 A, IB,
and 2A, 2B). During the salt stress, both the N A D P + and N A D P H levels increased by
a similar amount, thereby the total reduced forms ( N A D H + N A D P H ) and oxidised
forms ( N A D + + N A D P + ) remained unchanged (Tables 1A and 2A).
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Table 1A : Effect of salt stress on the pyridine nucleotide ( N A D )
concentration in the cells of Dunaliella tertiolecta . The algae were
transferred from 0.17 M NaCl to 0.7 M NaCl . (nmol Pyridine
Nucleotide mg"^ Chi.)

TIME

NAD+

NADH

TOTAL*

QUOTIENT*

4.26
4.91
5.17
5.17

51.09
51.53
41.26
37.50
40.54

0.091
0.105
0.143
0.160
0.172

6.47

46.81
54.59

0.153
0.134

C O N T R O L 45.69

6.09

51.78

0.133

0

56.07

62.08

0.107

2

45.95

6.00
6.24

52.19

0.133

5

36.51

6.48

0.181

10

32.73

6.48

42.99
39.21

20

35.88

6.96

42.84

0.194

30

39.65

7.92

47.57

0.200

(Min.)

LIGHT
C O N T R O L 46.83
0
46.62
2
5

36.09
32.33

10

34.59

20
30

40.60
48.12

5.95
6.21

DARK

* TOTAL = NAD"1" + NADH
# QUOTIENT = NADH / NAD

0.198
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Table 2 A : Effect of salt stress on the pyridine nucleotide (NADP)
concentration in the cells of Dunaliella tertiolecta . The algae were
transferred from 0.17 M
Nucleotide mg"l Chi.)

TIME
(Min.)

NaCl to

NADP+

0.7 M

NADPH

NaCl. (nmol

Pyridine

TOTAL*

QUOTIENT*

LIGHT
CONTROL 27.30

22.72

50.02

0.832

0

31.53

32.07

63.59

1.017

2

36.95

43.10

80.05

1.166

5

44.41

46.89

91.30

1.056

10

46.11

45.51

91.69

0.987

20

42.38

40.00

81.89

0.944

30

35.60

35.51

71.11

0.998

CONTROL 19.27

12.88

32.14

0.668

0
2
5
10
20
30

17.94

12.16

30.10

0.678

21.40

12.48

33.88

0.583

29.27

20.80

50.07

0.711

32.41

24.64

57.06

0.760

35.56

29.13

64.69

0.819

38.39

24.00

62.40

0.625

DARK

* TOTAL = NADP+ + NADPH
# QUOTIENT = NADPH / NADP+
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Table IB : Effect of dilution stress on the pyridine nucleotide ( N A D )
concentration in the cells of Dunaliella tertiolecta . The algae were
transferred from 0.7 M
Nucleotide mg'* Chi.)

TIME

NaCl to

NAD H

0.17 M

NaCl. (nmol

Pyridine

NADH

TOTAL*

QUOTIENT*

50.47

4.64

55.12

0.092

55.29

5.21

60.50

0.094

58.36

6.25

64.61

0.107

55.29

6.25

61.54

0.113

50.17

6.51

56.68

0.130

43.00

6.21

49.25

0.145

38.91

6.21

45.16

0.161

C O N T R O L 55.75

4.97

60.73

0.089

0

51.19

4.95

56.14

0.097

2

53.24

5.21

58.45

0.098

5

52.22

4.95

57.16

0.095

10

52.22

4.95

57.16

0.095

20

55.29

4.43

59.71

0.080

30

52.22

4.87

56.90

0.090

(Min.)

LIGHT

0
2
5
10
20
30

DARK

* TOTAL = NAD + + NADH
# QUOTIENT = NADH / NAD +
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Table 2B : Effect of dilution stress on the pyridine nucleotide (NADP)
concentration in the cells of Dunaliella tertiolecta . The algae were
transferred from 0.7 M NaCl to 0.17 M NaCl. (nmol Pyridine
Nucleotide mg"l Chi.)

TIME

NADP+

NADPH

TOTAL*

QUOTIENT*

(Min.)

LIGHT
C O N T R O L 31.79

18.02

0

13.10

18.74

2

18.84

5

22.12

0.567
1.431

25.38
21.48

49.81
31.85
44.22
43.59

0.971

48.17
49.34

0.705

1.347

10

28.26

20

28.26

19.91
21.09

30

28.26

24.60

52.86

0.746
0.871

9.33
8.98

24.59

0.611

22.91
24.51

0.645
0.662

32.51
35.30
41.77

0.725
0.759
0.672

44.58

0.675

C O N T R O L 15.26
0
2
5
10
20
30

13.93
14.74
18.84
20.07
24.98
26.62

* TOTAL = NADP"1" + NADPH
# QUOTIENT = NADPH / NADP"1"

9.76
13.67
15.23
16.79
17.96
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Table 3 : Percent change in the total pyridine nucleotides level
(NAD+ N A D P ) during salt and dilution stresses. The values reported
in this table were calculated from the results of Tables 1A, IB, 2A,
and 2B. Control = 1 0 0 %
Control (without salt or dilution stress)
S A L T STRESS

DILUTION STRESS

LIGHT

DARK

0.5

114

110

88

93

2.0

120

103

104

97

5.0

128

111

100

105

10.0

131

114

100

108

20.0

127

128

94

119

30.0

124

131

93

119

T I M E (min)

LIGHT

DARK
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Another interesting feature is that, 5 min after the onset of the salt stress in
the light, the level of N A D ( N A D + + N A D H ) decreased from the control by about 14
nmol. mg'^Chl., whereas the N A D P ( N A D P + + N A D P H ) increased from control by
threetimesof the change in N A D (42 nmol. mg _1 Chl.). In the dark, this increase was
only two-fold (25 nmol. mg'^Chl.). The difference in the absolute levels of N A D P in
light and dark conditions m a y be interpreted as light-induced de novo synthesis or
light-induced conversion of N A D to N A D P . The light-induced conversion of N A D to
N A D P has also been observed in kidney bean, Chlamydomonas (Ogren and Krogman
1965), m u n g bean (Graham and Cooper 1966), and Chlorella (Oh-hama and Miyachi
1959; Oh-hama et al. 1963; Matsumura et al. 1982), wheat, pea, spinach (Muto et al.
1981), and is catalyzed by photoactivation of NAD-kinase using photochemically
produced A T P (Foster and Moat 1980).
The summarised results of salt stress-induced changes in the level of
pyridine nucleotides (Table 1A and 2A) show about 3 1 % increase in the total pyridine
nucleotides levels in both the light and the dark conditions (Table 3). During the
dilution stress, however, the pyridine nucleotide content did not change in the light,
but increased about 1 9 % in the dark (Table 3). The concentration of oxidized N A D
( N A D + ) and reduced N A D ( N A D H ) influences the de novo synthesis of pyridine
nucleotides, however, equivalent level of N A D P + and N A D P H do not have such
effects on the regulation of pyridine nucleotide synthesis (Chandler 1972; Griffith et
al. 1975). Since in both light and dark, the level of the total N A D was decreased
markedly during the salt stress it is possible that the decrease in the level of total N A D
is responsible for switching on the de novo synthesis of pyridine nucleotides

It is not clear whether these results also include the protein-bound pyridine
nucleotides. The release of protein-bound pyridine nucleotides will depend whether
or not they are released during the extraction procedure. However, the results thus
suggest that the increase in the N A D P might be a reflection of de novo synthesis of
pyridine nucleotides which are then phosphorylated by NAD-kinase to N A D P +
(Griffith et al. 1975). The interconversion of N A D and N A D P is important in the
regulation of pyridine nucleotide recycling pathways (Lundquist and Olivera 1971,
1973).
In the light the NADH level slightly decreased whereas NADP"1" and
N A D P H levels increased. In the dark, however, the total pyridine nucleotide level
decreased rapidly (from 101 nmol mg _ 1 Chl in the light to 83 nmol mg - 1 Chl in the
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dark), especially the levels of N A D P + and N A D P H , but no apparent increase in the
levels of N A D

+

and N A D H was observed. It is likely that during the dark incubation,

N A D P + and N A D P H are broken d o w n to some unknown compound(s) other than
N A D + or they bound to some proteins which could not be detected by this technique.

During the salt stress in both the light and the dark, the reduced/oxidized
quotient for N A D was slightly increased over the period of 30 min (Table 1 A ) . W h e n
the salt stress was applied the quotient for N A D P , however, increased rapidly and
after 30 min it remained well above the intial level (Table 2A). O n the other hand,
during the dilution stress, the reduced/oxidized quotient for N A D P initially increased
rapidly, and subsequently decreased with time but remained well above the initial level
after 30 min. The quotient for N A D P in the dark was more or less constant until 30
min (Table 2B). Similar to N A D P the reduced/oxidized quotient for N A D was
increased in the light but remained unaffected in the dark (Table IB).
If the oxidised NADP"1" (from the reduction of DHAP to glycerol-3-P) is
quickly reduced by the mechanism proposed in figure 1A, than the increased
reduced/oxidised quotient of N A D P (or N A D ) would greatly favour the reduction of
D H A P to glycerol-3-P ( by glycerol-3-P D H ) , and simultaneously would inhibit the
conversion of glycerol to D H A (by glycerol D H ) reaction.
During a dilution stress, one would expect that the NADPH/NADP4"
quotient would decrease, favouring the dissimilation of glycerol, contrary to this the
quotient increased in the light but remained unchanged in the dark. Since it is not
possible to separate intact chloroplast from Dunaliella, it is difficult to speculate about
the relative levels of pyridine nucleotides in the two compartments (chloroplast and
cytosol + mitochondria). It might be possible that an increased N A D P H / N A D P +
quotient is a reflection of N A D P H produced by the photosynthetic electron transport
chain in the chloroplast. A variety of more complex interpretations of the results are
possible, however, the author of this thesis belives that at the present state of
knowledge it would be wise not to complicate the discussion.

A.4 : On the Regulation of Glycerol Metabolism :

Based on the evidence of enzymic activities in Dunaliella, Brown and
Borowitzka (1979) suggested that carbon for glycerol synthesis is predominantly
derived from the oxidative pentose phosphate cycle rather then from glycolysis.
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Brown and Borowitzka (1979) further suggested that during a salt stress Dunaliella
can probably use N A D P H about as fast as it is formed, and under these conditions the
cycle would probably run close to its m a x i m u m speed. From the increase in the levels
of total N A D P , increased glycerol synthesis, and the results of chapter 8, it appears
thatthe oxidative pentose phosphate --y-'

A pathwayvoperative in Dunaliella.

The main function of oxidative pentose phosphate cycle and its associated
reaction is the supply of N A D P H

which is to be used as reducing agent in m a n y

biosynthetic reactions (Krebs and Eggleston 1974). During a salt stress, a substantial
amount of of carbon for glycerol synthesis is contributed by a non-photosynthetic
source (presumabley largely from starch breakdown, see chapter 7). Both N A D H and
N A D P H are

substrates for glycerol-3-P D H reaction (reduction of D H A P to

glycerol-3-P). Thus a salt stress would tend to result either drain in N A D P H

or

increase in Pi levels in the cells. It is possible that in such conditions the starch
breakdown and the oxidative pentose phosphate cycle are switched on. In the
illuminated chloroplast of higher plants, increase in the Pj concentration switches
starch synthesis to starch degradation (Edwards and Walker 1983, quoting Kraminer's
unpublished results). If this is the case, the N A D P H produced by the oxidative
pentose phosphate cycle has to be oxidized quickly, otherwise operation of this cycle
would be inhibited. The N A D P H / N A D P 4 " quotient is important in controlling the
oxidative pentose phosphate cycle activity (Stitt and Heldt 1981 a; Stitt 1984), and if
N A D P H is not oxidized quickly, the oxidative pentose phosphate cycle will stop due
to the inhibition of Glu-6-P D H (Eggelston and Krebs 1974; Krebs and Eggleston
1974; Krebs 1975) and N A D P 4 " limitation ( G u m m a et al. 1971).

Since after 30 min of the salt stress, the level of NADPH and the
reduced/oxidized quotient for N A D P remained substantially higher, this finding m a y
be of some signifiacnce for the mechanism of regulation of the glycerol content,
because both N A D P H and N A D H are substrates for the glycerol-3-P D H , the first
reaction of glycerol synthesis (Marengo et al. 1985), while N A D P 4 " is the substrate for
the first dissimilatory step, glycerol D H reaction (Ben-Amotz and Avron 1973, 1974;
Borowitzka and B r o w n 1974).

Glycerol synthesis proceeds via DHAP reduction to glycerol-3-P. One
possibility is that N A D P H produced by the oxidative pentose phosphate cycle might be
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reducing N A D 4 " via a transhydrogenase (see Figure 1 A ) . Prehminary attempts to detect
a transhydrogenase in D. tertiolecta have been unconvincing (A.D. Brown,
unpublished observation; Klaus W e g m a n n personal communication). In this situation
the only w a y by which the cells can use N A D P H is if the glycerol-3-P D H can use
N A D P H as a substrate rather than N A D H . Both N A D H and N A D P H can serve as a
substrate for this reaction. With D H A P as variable substrate, K m ( D H A P ) with
N A D P H is about 2.8 time the values obtained with N A D H as reductant (Marengo et
al. 1985).
In the presence of NADP, triose-P DH exists mainly as a protomer with
high affinity for N A D P and NADP-dependent activity (NADP-linked form). The
enzyme aggregates in the absence of N A D P to form a tetramer with considerably high
K

m

for N A D P than that for N A D (NAD-linked form). In normal conditions depending

upon the levels of nicotinamide coenzymes the enzyme exists as an equilibrium
mixture of tetramer and protomer (Pupillo and Piccari 1975). Electrophoretic
separation of glycerol-3-P D H from D. tertiolecta showed the presence of two
enzyme forms, but this observation was not reflected in the double reciprocal plots of
the enzyme kinetics (Mackenzie 1981). It is possible that there are two enzyme forms
catalyzing the same reaction and have the same Michelis constant, as in the case of
glycerol-3-P D H in insects (Fink and Brosmer 1973). Since glycerol-3-P D H can use
N A D P H and/or N A D H as a substrate, it is reasonable to consider the stress-induced
conversion of N A D to N A D P , and increased levels of N A D P could have
disaggregrated the enzyme to protomer or dimer. This change in the structure of the
enzyme might convert the NAD-linked glycerol-3-P D H

activity to NADP-linked

form, thus allowing the cell to use the N A D P H produced by the O P P cycle. The use of
N A D P H by the glycerol-3-P D H

would also ensure the operation of the oxidative

pentose phosphate cycle, in return the glycerol synthesis pathway will have a constant
supply of reducing power for the DHAP-reduction reaction.

Finally, it remains to be determine whether the increased reduced/oxidised
quotient of N A D P

is alone sufficient to increase the rate of glycerol

synthesis/dissimilation or whether concentration changes of other substrates are also
involved. The primary mechanism by which the reduced/oxidised quotient of N A D P is
change by a salt or dilution stress has also to be identified.

Furthermore, investigation will be necessary to characterize the extent of
interconversion of N A D and N A D P , their precise role in the pyridine nucleotide
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pathway cycle regulation, extent of aggregation and disaggregation of the glycerol-3-P
D H enzyme structure with changing levels of N A D and N A D P . Additional studies
with a complete set of mutants blocked at each of the steps of the oxidative pentose
phosphate cycle and glycerol metabolism pathway would provide a more complete and
accurate picture of the regulation of pyridine nucleotide metabolism and glycerol
metabolism.

Figure 1A : Possible recycling of reduced pyridine nucleotides in the
chloroplast of Dunaliella.
The conversion of N A D P to N A D by a transhydrogenase is possible
(see ? Transhydrogenase label), but in view of the present evidence
involvement of transhydrogenase is questionable.

a
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